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Abstract 
The importance of herbivorous organisms to the ecology of coral reef systems has 
been well documented, with most studies concentrating on the visually conspicuous 
families of Pomacentridae, Scaridae, Acanthuridae and Siganidae. Recent studies have 
shown that the visually cryptic fish from the tribe Salariini (Blenniidae) may also be 
important contributors to the maintenance of coral reef ecosystems. Herbivores are 
thought to play a key role in suppressing the growth of algae and allowing space for 
new corals to settle and grow, keeping coral reef systems coral-based. The principle 
algal food source utilised by herbivorous organisms in coral reef systems is the 
epilithic algal matrix (EAM). It consists of a turf algae mat with associated detritus, 
meiofauna, phytoplankton, bacteria and sediment baffled among the fronds. To 
determine the relative contributions of representative herbivorous fishes from the 
above-mentioned families to the consumption of EAM on Heron Island reef, the 
abundance, biomass, distribution, morphology, assimilation efficiency, behaviour and 
grazing contribution were investigated. 
To address concerns of past studies investigating the importance of herbivorous 
blermies in coral reef systems, the numerical abundance, biomass and distribution of 
Salariini blenny assemblages at Heron Island, Lady Elliot and North West reefs were 
compared. Species composition and biomass, but not density differed significantly 
among the three reefs. At Heron Island reef, density and biomass of combtoothed 
blermies exceeded published estimates by 27% - 98% for most groups of conspicuous 
herbivorous fish in equivalent zones indicating that inconspicuous grazers deserve 
closer attention. 
At Heron Island reef, biomass densities and mean wet mass of Ward's damselfish 
Pomacentrus wardi and the jewelled blenny Salarias fasciatus were not significantly 
different, whereas total bites per day, epilithic algal matrix (EAM) per bite and total 
organic carbon consumed by S. fasciatus significantly exceeded those of P. wardi. 
Territorial behaviour differed between the two species. The damselfish P. wardi spent 
most of the time chasing roving grazers fi-om their territories, while largely ignoring 
blennies. While, S. fasciatus chased more than c. 90% of other blennies from their 
territories, largely ignoring (or avoiding) roving grazers. Both P. wardi and S. 
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fasciatus rarely chased non-grazers. P. wardi possibly tolerates S. fasciatus grazing 
within its territory as the presence of the latter contributes to territory defence from 
other blennies. 
A comparison of the abundance and biomass between inner and outer reef flat zones 
for five species, each representative of its family, was conducted: Pomacentrus wardi 
(Pomacentridae), Salarius fasciatus (Blenniidae), Chlorurus sordidus (Scaridae), 
Siganus Uneatus (Siganidae) and Ctenochaetus striatus (Acanthuridae). The 
abundance of the species chosen as representatives of the five families were all 
relatively common, representing between 25% (C sordidus) and 75% (C. striatus) of 
all individuals censuses within each family. No significant difference in the mean 
abundance or biomass was found for the species between zones, but there was a 
significant difference within zones. Of the five species investigated, the two smallest, 
P. wardi and S. fasciatus, were dominant in both abundance and biomass across the 
entire reef flat. Despite the larger body size of C. sordidus and S. Uneatus, they were 
not significantly different in biomass from the smaller P. wardi and S. fasciatus. 
Conversely, the large bodied C. striatus, had a significantly lower biomass than either 
P. wardi or S. fasciatus, providing further support for including blermies in grazing 
studies on coral reefs flats. 
The five species of fish highlighted above appeared to feed on the same resource 
(EAM) and their morphological adaptations were compared to investigate whether 
herbivores reduce direct competition through morphological differentiation. It was 
found that the species investigated took more than 98% of their bites from EAM -
indicating that they appeared to be sharing the same resource. Their relative gut 
lengths indicated that they were all herbivores or omnivores. Nutritional comparison 
of the foregut contents to collected EAM indicated that P. wardi and S. Uneatus both 
fed selectively on components of the EAM - making them browsers, while the other 
three species had foregut contents that were not significantly different from collected 
EAM - making them grazers. P. wardi and S. Uneatus both had Type I alimentary 
systems (sensu Horn (1989)), while C. striatus was Type II and C. sordidus Type III. 
The blermy, S. fasciatus was more problematic, overlapping both Types II and III. 
Assimilation efficiencies were comparable among all species ranging from 27.5%) {S. 
Uneatus) to 48.5% {S. fasciatus). It was concluded that despite feeding on the same 
resource, competition was possibly reduced through a complex interaction of feeding 
strategies, gut morphologies, assimilation efficiencies and behaviours of the five 
species investigated. 
Four species of grazing fishes (P. wardi, S. fasciatus, C. sordidus and C. striatus) 
were used to test assumptions inherent in the Adaptive Feeding Hypothesis (AFH). 
Diel bite rates for each species were compared with the diel nutrient content of the 
EAM, to test for relevant correlations. Two of the assumptions of the AFH were 
supported. Photosynthetic activity of EAM changed in a predictable pattern through 
the day and grazing activity of the four fishes all followed a similar temporal pattern 
(with a peak mid to late afternoon). 
No evidence was found in support of the other two (and possibly most important) 
assumptions of the AFH, the presence of a positive correlation between 
photopigments and nutrient levels and the positive correlation between nutrient 
concentrations of the EAM and ingestion rate. The only correlation detected between 
bite rate and nutritional value occurred for P. wardi, which had negative correlations 
with % carbon, organic carbon and chlorophyll a. Since important predictions inherent 
in AFH were not met, it is probable that grazing in this system is more complex than 
suggested by this model. This study provides preliminary support for an alternative 
model, the inverse quality consumption hypothesis (IQCH), in which grazers increase 
their feeding rate to compensate for decreased nutrient concentrations of the food 
source. 
In conclusion, this study provided support for the inclusion of blennies in further 
investigations of grazers on coral reefs and the relative importance of each of the 
investigated families in regulating the biomass of EAM in coral reef systems. 
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Chapter 1: General Introduction 
As we enter the new millennium, we find that the pressures on the world's coral reefs 
have not abated. Coral bleaching is occurring more frequently, nutrient run off from 
the land has increased, and over-exploitation of marine resources is common (Zann & 
Kailola 1995, Birkeland 1997, Myers & Worm 2003). The majority of the worid's 
coral reefs are in poor coimtries where they do not have the means to ensure effective 
conservation management (Zann & Kailola 1995). Despite the gravity of these threats 
and fifty years of investigation, as scientists we still do not understand how relatively 
undisturbed coral reef ecosystems fimction (Veron 1995). This information is crucial 
if effective conservation management of the world's coral reefs is to occur. 
It is axiomatic that there is a fine balance between coral and algae in coral reef 
ecosystems, which is mediated by grazers (Ogden & Lobel 1978, Jones et al. 1991). In 
healthy systems with high herbivore activity and low nutrient levels, corals and 
microalgae (turf) dominate, with limited biomass of macroalgae (Littler & Littler 
1984). Corals and algae constantly compete for space. Canopy-forming algae grow 
much faster (1 to 2 cm a day) than corals (1-10 cm per year) and thrive in nutrient-rich 
environments (Littler & Littler 1980, Veron 1993). It is thought that corals are able to 
out-compete algae because of the high predation pressure on algae exerted by 
herbivores (Hatcher 1981, Hixon 1997). Up to 100% of free-living algal production is 
consumed by herbivorous organisms each day (Hatcher 1981, Hatcher 1983, Klumpp 
& McKinnon 1989, Polunin & Klumpp 1992). It is thought that this intense grazing 
pressure allows coral reef systems to stay coral-based by suppressing the growth of the 
macroalgae and allowing space for new corals to settle and grow (Sammarco 1980, 
Hixon 1997). 
The consequence of human disturbance on this triangular relationship between coral 
algae and grazers was dramatically demonstrated in the Caribbean (Carpenter 1997). 
By the early 1960s, areas of the Caribbean had been over-fished to the point that most 
large carnivorous fish were gone and only small herbivorous fish were being caught 
(Jackson 1997). Over fishing eventually led to the collapse of the fishing industry in 
Jamaica (Hay 1984, Levitan 1992, Jackson 1997). With the natural predators of the 
herbivorous sea urchin Diadema antillarum overfished, its population levels increased 
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to plague proportions (Hay 1984, Levitan 1992). The sea urchins consumed not only 
tiie algae but also the surrounding living coral, causing erosion and toppling of 100-
year-old coral heads (Jackson 1997). Manipulative caging experiments provided 
empirical support that Diadema were the key stone predators of algae in Caribbean 
system, removing an average of 97% of turf algal biomass per year (Carpenter 1986). 
Soon after, a bacterial infection swept through the Diadema population reducing their 
numbers drastically (Lessios 1988). As predicted by Carpenter's (1986) manipulative 
experiments, the consequence of this crash was increased growth of macroalgae and 
the death of much of tiie remaining coral (Liddell & Ohlhorst 1986). Although 
herbivorous fish numbers increased slightly during this time, the fishing pressure was 
still higher than elevated population levels (Carpenter 1990a). With no grazing control 
the algae over grew and smothered the living coral (Lessios 1988). A simultaneous 
increase in human population levels caused elevated nutrients, sedimentation and 
other land-based run off on to the surrounding reefs (Jackson 1997), exacerbating the 
reefs decline. 
The combination of reduced predation pressure and increased nutrient levels 
dramatically changed the Caribbean ecosystem (Lessios 1988, Aronson & Precht 
2000). The reefs surrounding Jamaica now consist of mostly dead coral skeleton 
covered with macroalgae (Hughes 1994, Aronson & Precht 2000). This previously 
coral-based system has phase shifted to an algal-based system, with carry-on effects 
for those organisms dependent on coral for their existence (Jackson 1997). 
This is a dramatic example of the importance of herbivores in maintaining a coral-
based reef system. But as stated earlier, still very little is known about how natural 
systems, even well studied systems such as the Great Barrier Reef function, 
particularly when placed under stress (Veron 1995). This concern lead to the 
multidisciplinary study, ENCORE (Enriched Nutrients in a Coral Reef Environment) 
project, on One Tree Island reef (Koop et al. 2001). Despite after two years of adding 
inorganic phosphorous and nitrogen to experimental atolls twice a day, no observable 
differences between control and experimental sites could be observed in terms of algal 
or coral cover. However, there were sublethal effects on the reproduction and growth 
of corals, which were reversed once the addition of nutrients ceased (Koop et al. 
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2001). But even this extensive (and expensive) multidisciplinary study could not 
provide complete answers as to how coral reef ecosystems react to increased 
anthropological distiirbances (Hutchings 2001, Koop et al. 2001). Even less is known 
about relatively healthy reef systems. Questions such as: "Which are the keystone 
species (or guilds) keeping coral reef ecosystems coral-based?", "Does their role 
change temporally and/or spatially?", "What inputs and outputs does each species 
contribute to the system?" still require answers. To help address this lack of 
knowledge, I concentrated on the intricate ecological relationship between the 
microalgae community (also known as the epilithic algal matrix - EAM) and grazing 
fish on a relatively undisturbed reef in the Great Barrier Reef 
Although globally abundant, plant material is relatively low in nutritional value and is 
difficult to digest (Lobel 1980, Montgomery & Gerking 1980). Vertebrates do not 
naturally produce enzymes that can break down the cellulose structure of plant walls 
(Horn 1989). To exploit the abundant, yet nutritionally poor food source, terrestrial 
and marine grazers have evolved many different physical and physiological methods 
of processing plant material (Choat & Clements 1998). Terrestrial herbivores 
mechanically break-down cellulose cell walls through specialized grinding dentition, 
in combination with adaptations of jaw musculature (large masseter and small 
temporalis muscles), grit-containing crops and/or muscular gizzards (Hildebrand 
1988). Alimentary adaptations for terrestrial herbivores include large complex 
stomachs for storage of food and fermentation by commensal bacteria, long coiled 
intestines to provide extended digestion time and a large, sacculated caecum and 
colon, which increase surface area and slow the passage of the contents (Hildebrand 
1988). 
Marine herbivores have also developed morphological, physiological and behavioural 
adaptations to gain maximum nutrients from the food source (Horn 1989). 
Morphological adaptations include changes in dentition to cut and tear the tough algal 
fronds; the possession of a pharyngeal mill and/or a muscular stomach, which grind 
the algae, breaking down its cellulose walls prior to digestion; and finally the 
increased length of alimentary canal, allowing more time for the food to be digested 
before being evacuated (Horn 1997, Choat & Clements 1998). Physiological 
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adaptations to an algal diet include acid secretions in the stomach and/or bacterial 
enhanced hind gut fermentation in the caecum, both of which break down the 
cellulose walls to increase nutiient absorption (Horn 1997, Choat & Clements 1998). 
Behavioural adaptations to an algal diet include increasing feeding rates during the 
time of the day when the algae possesses the greatest amoimt of photosynthate, 
potentially increasing its feeding efficiency (Taborsky & Limberger 1980, Horn et al. 
1990, Zoufal & Taborsky 1991), supplementing the diet through the consumption of 
associated meiofauna and detritus trapped amongst the algal fronds (Choat & 
Clements 1998, Wilson 2002) and increasing ingestion rates when nutritional content 
is low (Odum 1970, Klumpp & Nichols 1983, Caceres et al. 1994). 
Terrestrial grazers also undergo behavioural adaptations to their food source. For 
example sheep (Scott & Provenza 1999) and African ungulates (Twine 2002) vary 
their ingestion rates based on the nutritional value of their food source, while others 
feed selectively on various parts of the plants they consume (Hofmann 1989). 
Terrestrial plants are relatively larger than most marine plants and many have distinct 
structural differentiation. For example, most trees and shrubs possess distinct leaves, 
stems, bark and flowering structures. This morphological differentiation allows 
terrestrial grazers to make choices about the part of the plant they consume (Choat & 
Clements 1998). By picking and consuming younger portions of the plant, the 
terrestrial grazer can select a food source that has low fibre content and relatively high 
nutritional value (Hildebrand 1988). Marine grazers do not generally have this option. 
The principal resource used by reef fish is identified as the epilithic algal matrix 
(EAM) (Wilson & Bellwood 1997, Choat & Clements 1998, Townsend & Tibbetts 
2000, Wilson 2000, Wilson 2002). EAM consist of turf algae, which contains a mixed 
species assemblage of algae that are less than 1 cm in height, plus tiie associated 
sediment, detritus, phytoplankton, and meiofauna (Cribb 1966, Littler & Littler 1980, 
Cribb & Cribb 1985, Wilson & Bellwood 1997). The majority of herbivorous grazers 
on coral reefs are presumed to feed non-selectively on mixed algal turf assemblages 
(EAM) (Horn 1989, Choat 1991, Choat & Clements 1998). Algae are very low in 
nitrogen and protein, which means that a grazer must consume up to lOx more food 
than carnivores to obtain adequate nufrients (Lobel 1980, Hatcher 1981, Horn 1997). 
It is possible that many marine grazers are physiologically dependent on the additional 
27 
nutrition provided by the detrital (Wilson 2000) and micro-invertebrate community 
(Lobel 1980, Choat & Clements 1998) found within the turf mats. The inability of the 
many grazers to be selective may be advantageous as the added detrital and micro-
invertebrate community may increase the nutritional value of inherently nutritionally 
poor food source (turf algae). It is for this reason that the entire EAM complex must 
be investigated when studying coral reef grazers, not just the turf algal component. 
It has been hypothesised that the balance between the output of energy required in 
finding and consuming algae relative to the input of energy from the algae consumed 
has limited the number of herbivorous families foimd in coral reef systems (Jones et 
al. 1991). Only four of the 93-recorded families of bony fishes that inhabit the Great 
Barrier Reef and Coral Sea (Randall et al. 1997) have been classified as major 
consumers of primary production in tropical systems (0°S to 25°S). These are 
Acanthuridae, Pomacentridae, Scaridae and Siganidae (Nursall 1981, Roberts 1987, 
Horn 1989, Choat 1991). While the families Kyphosidae and Girellidae are the 
dominant herbivores at higher latitudes (30°S to 40°S) (Choat 1991). 
Recent studies indicate that herbivorous blermies (Family Blenniidae) may also be 
important consumers of primary production in coral reef systems (Roberts 1985, 
Townsend 1995). The small grazing blenniids are seldom included in studies of 
marine herbivorous fishes on coral reefs because of the assumption that due to their 
small size they do not have a significant impact on the EAM (Robertson & Polunin 
1981, Scott & Russ 1987). Although inconspicuous, combtoothed blennies are 
abundant in many marine environments (Nursall 1981, Roberts 1987, Illich & 
Koti-schal 1990, Townsend 1995). 
The family Bleimiidae is divided into six tribes, the Blenniini, Nemophini, 
Omobranchini, Parablermiini, Phenablenniini and Salariini (Springer 1994). This 
study concentrated on the largest tribe, the Salariini, which contains at least 24 genera 
and over 150 species (Springer 1994). Salariini lack swim bladders and are essentially 
benthic (Myers 1989). They are grazers that feed by scraping algae and small 
organisms from the surfaces of dead coral rubble (Myers 1989, Springer 1994). They 
are small in size (maximum 100 to 150 mm total length), often exhibit cryptic 
colouration, and readily retreat for cover upon perceiving a threat, making them 
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difficult subjects for field observations (Springer 1994, pers. obs). For the rest of this 
paper, the general terms "blennies" or "Blenniidae" refers to tiie tiibe Salariini, unless 
stated otherwise. 
A preliminary study based on Heron Island reef indicated tiiat the biomass and grazing 
capabilities of blermies were either comparable to or greater than figures published for 
representatives of the families Pomacentridae, Scaridae, Siganidae and Acanthuridae 
(Townsend 1995, Townsend & Tibbetts 2000). These sttidies were criticised by some, 
who indicated that Heron Island reef was atypical and that the results may only be 
relevant to that particular reef system. Roberts (1987) predicted that the biomass of 
herbivorous blennies may be high in many coral reef ecosystems and despite their 
small size; they may make an important contribution to the total grazing pressure 
(Roberts 1987). This study addresses the concern and investigates Roberts (1987) 
prediction by investigating the abundance, biomass and distribution of blennies on a 
further two reefs in the southern Great Barrier Reef (Chapter 2). 
Herbivorous representatives from the family Pomacentridae, another small reef fish, 
have been repeatedly shown to have a large impact on coral reef ecosystems (Low 
1971, Brawley & Adey 1977, Lassuy 1980, Lobel 1980, Montgomery 1980, 
Wellington 1982, Lewis 1986, Roberts 1987, Polunin et al. 1995, Chabanet et al. 
1997, Letoumeur et al. 1997, McCook 1997, Bootii 1998, Lirman 1999). They can 
affect the distribution of hard corals, macroalgae and meiofauna through their 
territorial farming behaviours (Brawley & Adey 1977, Lobel 1980, Sammarco & 
Carleton 1981, Hinds & Ballantine 1987, Liberman et al. 1995, Letoumeur et al. 
1997) and consimie amounts of EAM comparable to the families of larger fish 
(Roberts 1987, Klumpp & Polunin 1989). Salariini blennies are also small, territorial 
grazing fish (Hatcher & Larkum 1983, Roberts 1985, Roberts 1987, Klumpp & 
Polunin 1989). To further investigate the potential impact blennies have on coral reef 
systems, Salarias fasciatus, a common blenny on Heron Island reef (Townsend 1995) 
was compared to Pomacentrus wardi, a common damselfish (Ault & Johnson 1998) 
(Chapter 3). If the two are comparable in grazing impact, then both should be included 
in further studies of grazing organisms on Heron Island reef 
29 
Chapter 4 investigated the abundance and biomass of five families of herbivorous 
fish. Previous chapters compared the biomass and abundance of representatives of the 
families Blenniidae and Pomacentridae with data collected by other authors and often 
on reefs other than Heron Island (Chapter 2 and 3). Caution must be exercised when 
trying to make generalizations across different reefs or even geomorphological zones 
within reefs (Doherty & Fowler 1994). To get an accurate picture of the relative role 
that each family plays on Heron Island reef, direct comparisons using the same 
techniques within the same reef zones were required. Abundance and biomass of 
visually abundant species from each family was also investigated. The species 
Pomacentrus wardi Whitley, 1927 (Pomacentridae), Salarius fasciatus (Bloch, 1786) 
(Blenniidae), Chlorurus sordidus (Forsskal, 1775) (Scaridae), Siganus Uneatus 
(Valenciennes, 1835) (Siganidae) and Ctenochaetus striatus (Quoy & Gaimard, 1825) 
(Acanthuridae) (Randall et al. 1997) were all tentatively identified as abundant on 
Heron Island reef, making them potentially useful study animals for future chapters. 
As stated previously, the majority of herbivorous reef fish feed on EAM (Horn 1989, 
Choat 1991, Choat & Clements 1998). This resource sharing increases the possibility 
of niche overlap (Begon et al. 1990) between the majority of grazers on coral reefs. It 
has been axiomatic that only one species can fill a niche at a time (Begon et al. 1990). 
Often what superficially appears to be direct competition for resources is actually the 
very subtle use of spatial, temporal, morphological or physiological adaptations 
(Begon et al. 1990). For example, significant differences in the jaw morphology, bite 
speed, microhabitat utilization and excavation abilities were found to reduce the direct 
competition between two functional groups of parrotfish (Bellwood & Choat 1990). 
Reduction of competition through behavioural adaptations (e.g., aggression, 
territoriality, spatial and temporal separation) has been well documented (Sammarco 
& Carleton 1981, Wellington 1982, Zeller 1988, Polunin & Klumpp 1989, Hixon & 
Brostoff 1996), but few studies have investigated morphological and physiological 
adaptations of grazing fish as a mechanism of niche differentiation (Bellwood & 
Choat 1990, Polunin et al. 1995 being exceptions). Chapter 5 investigates the 
morphological and physiological differentiation between the five species of grazing 
fish to determine whether this could be a mechanism for reducing direct competition 
for EAM. 
30 
In Chapter 6, tiie grazing behaviours of tiie stiidy fish from Chapter 5 are investigated 
relative to tiie nutiitional quality of tiie EAM tiiey consume. Grazing activity of 
herbivorous fish has been shown to vary predictably over the diel cycle, with a peak in 
ingestion rates around midday (Taborsky & Limberger 1980; Polunin and Klumpp 
1989; Horn et al. 1990; Zoufal and Taborsky 1991; Townsend 1995). Tidal cycle, 
temperature, light intensity, crowding and variations in algal nutritional quality are all 
factors tiiat have been attiibuted to this pattern. Observations of the feeding rates of 
the herbivorous blenny Parablennius sanguinolentus lead to the development of the 
Adaptive Feeding Hypothesis (AFH) in which grazing activity is thought to be 
positively correlated with nutritional quality of the algae being consumed (Taborsky & 
Limberger 1980, Zoufal & Taborsky 1991). AFH has often been used to explain 
grazing patterns observed during larger studies (Bruggemaim et al. 1994, Caceres et 
al. 1994, Gillanders 1995, Johnson & Dropkin 1996, Letoumeur et al. 1997), despite 
the main assumptions of the hypothesis not having been rigorously tested for coral 
reef herbivores (Choat & Clements 1998). In Chapter 6, four common species of 
EAM grazing coral reef fish with three different alimentary canal types (Types I to 
III), were used to field test four main assumptions of the AFH: the photosynthetic 
activity of EAM changes in a detectable pattern through the day; the grazing activity 
of four species feeding on the same food source have similar temporal foraging 
patterns; photopigments and nutrient concentrations in the dietary EAM are positively 
correlated and nutritionally significant to the fish; and that the nutrient concenfrations 
of the dietary EAM and fish feeding activity are positively correlated. Alternatives to 
the AFH are discussed. 
Birkeland (1996) noted that some species on coral reefs are particularly influential in 
shaping the ecosystem while others are not. Identification of such species is important 
in the conservation management of coral reefs (Birkeland 1996). Chapter 7 uses the 
information gathered from the five data chapters to estimate the grazing contribution 
that each species makes to Heron Island reef, with the intention that key contributors 
to EAM consumption may be identified. 
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Aims 
The broad aims of this thesis are as follows: 
1. Investigate the biomass and distribution of Salariini blermies within the 
southem Great Barrier Reef (Chapter 2); 
2. Assess the grazing contribution of a common blenny (S. fasciatus) by 
comparing it with another small territorial grazer P. wardi of known 
significance (Chapter 3); 
3. Investigate the abundance and biomass of pomacentrids and blermies relative 
to three other larger conspicuous grazing families on Heron Island reef 
(Chapter 4); 
4. Compare and contrast the morphological adaptations and assimilation 
efficiencies as sources of competition reduction of five common grazing fish 
that all feed on EAM (Chapter 5); 
5. Test key assumptions of the AFH using four common species of grazers from 
Heron Island reef (Chapter 6); and, 
6. Estimate the relative contribution the four families of herbivores make to the 
grazing pressure of EAM on Heron Island reef (Chapter 7). 
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Chapter 2: Biomass and distribution of herbivorous blennies in the 
Southem Great Barrier Reef 
(Published in Joumal of Fish Biology) 
Introduction 
Herbivorous fish in coral reef systems have attracted attention because as consumers 
of primary production they are a vital link to higher levels of the food web (Lobel 
1980, Klumpp & Polunin 1990, Choat 1991) and their grazing activities are tiiought to 
influence benthic community stmcture (Hatcher 1981, 1983, Hatcher & Larkum 1983, 
Horn 1989). On a small scale herbivores are knovm to affect the composition and 
structure of algal assemblages (Klumpp & Polunin 1990, Hay 1991), and on a large 
scale they are influential in maintaining the balance between coral and algae in reef 
systems (Connell 1978, Sammarco 1980, Hatcher 1981, Carpenter 1990a, b). 
Investigations of these roles have focused mainly on the visually prominent herbivores 
such as scarids, pomacentrids, acanthurids and siganids (Hom 1989, Choat 19^91). The 
intense grazing pressure exerted by these four groups is often cited as having the 
greatest impact in shaping benthic community stmcture and preventing overgrowth by 
algae (Sammarco 1980, Hatcher 1981). 
The small grazing blermiids are seldom included in studies of marine herbivorous 
fishes on coral reefs because of the difficulties of observing them in the field, and the 
assumption that due to their small size they do not have a significant impact on the 
benthic algal community (Robertson & Polunin 1981, Scott & Russ 1987). Although 
inconspicuous, combtoothed blennies are abundant in many marine environments 
(Nursall 1981, Roberts 1987, Illich & Koti-schal 1990, Townsend 1995). If 
herbivorous blenny biomass is comparative to other important herbivorous fish in 
coral reef systems, then regardless of their relatively small size they may make an 
important and hitherto underestimated contribution to the total grazing pressure 
exerted on the epilithic dgal community (viz EAM) (Roberts 1987). 
Biomass and density of grazing blermies has since been shown to be high on Heron 
Island reef (Townsend 1995), but these results were criticised as possibly being 
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relevant only to that particular reef system. To investigate this possibility, three reefs 
within the Capricom Bunker group of the southem Great Barrier Reef (G.B.R.) of 
Australia were surveyed for species richness, density and biomass of herbivorous 
blennies. 
Doherty & Fowler (1994) stressed that caution must be exercised in extrapolating 
ecological data from a single reef zone to generalise about entire reef systems. 
Likewise, generalisations can not be made from investigations of a single reef, as no 
one reef can be defined as "typical" on the G.B.R. (Mather & Bermett 1993). Heron 
Island reef, in particular, has often been criticised as being an "atypical" reef (Mather 
& Bermett 1993, P. Marshall pers. com. 1995). It is for this reason that the present 
study compares blenny commimity stmcture on equivalent zones of three reefs; Heron 
Island, Lady Elliot and North West. 
The aim of this study was to investigate the community stmcture of herbivorous 
blermies on three reefs within the Capricom Bunker Group of reefs in the southem 
Great Barrier Reef (GBR). Total density and biomass of blennies for Heron Island, 
Lady Elliot and North West reefs were estimated. These values were then compared 
with biomass and density estimates of other herbivorous fish from previous studies to 
enable a more robust index of the likely importance of comb-tooth blennies to grazing 
in the reef systems of the southem GBR. 
Methods and Materials 
The study was conducted on Heron Island (23° 27'S, 15r55'E), Lady ElUot (24° 07'S, 
152° 43' S) and North West reefs (23° 15'S, 151°45'E). All are platform reefs in the 
Capricom Bunker group at the southem end of the Great Barrier Reef (Figure 2.1). 
Data were collected during single one-week periods in November 1996 at Lady Elliot 
reef and January 1997 at North West reef and compared v^th data collected during a 
two-week period in Febmary 1997 at Heron Island reef 
Transects were conducted on the north reef rims of Heron Island (Figure 2.2A) North 
West (Figure 2.2B) and Lady Elliot reefs (Figure 2.2C). The reef rim for each reef was 
identified as that zone that consists of a large pavement-like platform that is a 
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Figure 2.1: Location of study sites North West, Heron Island and Lady Elliot reefs in 
the southem Great Barrier Reef, Australia. 
few centimetres above the upper level of coral growth and is the first area to be 
exposed during low tide (Flood 1993). The calcium carbonate platform is cemented 
together by coralline algae and consists of heavy mbble deposits and the few small, 
robust corals are restricted to "potholes" and pools (Flood 1993). The algal flora 
consists mainly of mixed assemblage of microscopic species from the divisions 
Chlorophyta, Rhodophyta and Cyanophyta ((Cribb & Cribb 1985, Cribb 1993)). 
Macroalgae are not common in this zone (Cribb (1993) and pers. obs.). 
The mean accuracy curve method (Eckblad 1991) was applied to data from a pilot 
study to determine that twenty five 20 m^ belt transects would yield a mean accuracy 
of +/- 25%. No more than 25 replicate transects were made in each zone due to the 
limited benefit in increased accuracy and the increased expense and logistical 
limitations of additional replicates. 
Data were collected by divers using snorkelling equipment (<2 m depth). As blennies 
are susceptible to disturbance, a 10 minute acclimation period was allowed between 
laying the transect and collecting data. The observer swam slowly along the belt 
transect (10 m x 2 m), at a minimum distance of 1 m above the centie line and facing 
towards the current. The following information was recorded: species name, estimated 
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total length to nearest 5 mm and the microhabitat on which the animal was observed. 
To allow for carefiil scmtiny of the substratum, between 10 and 20 min was spent on 
each transect, as recommended by St. John et al. (1990) for estimating density and 
biomass of combtooth blermies. 
,L:cr—--ir:-. 
B. North West reef lOODm 
C. Lady Elliott reef 
A. Heron Island reef 
Figure 2.2: Location of study sites on Heron Island (A), North West (B) and Lady 
Elliot (C) reefs. Arrows indicate areas of comparison between the three reefs 
(north reef rim). 
Biomass estimations 
Biomass was estimated from regression equations derived from length / mass 
relationships. The regression relationship developed by St. John et al. (1990) for 
Salarias fasciatus was used to convert estimated total length to biomass for thick 
bodied species such as Atrosalarias fuscus, Cirripectes spp., Crossosalarias spp. and 
S. fasciatus (In mass = 3.178 x In lengtii - 11.813, r = 0.976). The length/mass 
relationship from Townsend (1995) (In mass = 2.368 x In length - 9.049, r = 0.943, 
n=33) was used to calculate biomass for slender bodied species {Ecsenius 
mandibularis, E. aequalis, E. bicolor and E. stictus). 
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Data analysis 
Species diversity and equitability were calculated using tiie Shannon-Wiener diversity 
index (H) and tiie Shannon equitability index (J) (Krebs 1989, Begon et al. 1990). 
A one-way analysis of variance (ANOVA) was conducted to test for differences in 
density and biomass data among Heron Island, Lady Elliot and North West reefs using 
the statistical analysis program SAS (version 3.0). 
Results 
Species composition 
Comparisons between the northem reef rims of Lady Elliot, North West and Heron 
Island Reef revealed substantial differences in blermy species composition (Table 2.1). 
On Lady Elliot K&&f Cirripectes chelomatus (51.3%) and Istiblennius periophthalmus 
(47.2%) were the most abundant species. The remaining 2% of the blermy community 
consisted of Ecsenius bicolor and Crossosalarias macrospilus. On North West reef 
eight species were recorded, the most abundant being S. fasciatus (94.4%). Together 
Atrosalarias fuscus, E. mandibularis, Salarias (cf) patzneri, C chelomatus, E. 
bicolor, E. stictus and /. periophthalmus made up the remaining 5.6% of total 
numerical abundance found on the north west rim. Species richness was much higher 
on Heron Island reef with twelve species being identified in the equivalent zone. The 
most abundant species was S. fasciatus (34.7%) and E. mandibularis (27.1%); 
followed by /. edentulus (10.6%), A. fuscus (8.5%), E. stictus (5%), and C. chelomatus 
(4.3%) (Table 2.1). 
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Table 2.1. Total species list and relative abundance of salariinin blennies encountered 
on the north reef rim of Heron Island, Lady Elliot and North West Reefs 
Genus 
Atrosalarias 
Cirripectes 
Crossosalarias 
Ecsenius 
Istiblennius 
Nannosalarias 
Rhabdoblennius 
Salarias 
Total number of indivi 
Species 
A. fuscus 
C. castaneus 
C. chelomatus 
C filamentosus 
C. (cf) perustus 
C. polyzona 
C. quagga 
C. stigmaticus 
C. macrospilus 
E. aequalis 
E. bicolor 
E. bicolor (BWY) 
E. mandibularis 
E. stictus 
I. chrysospilos 
I edentulus 
I. Uneatus 
I meleagris 
I. periophthalmus 
N. nativitatus 
R. ellipes 
S. ceramensis 
S. fasciatus 
S. luctuosus 
S. (cf patzneri 
iduals stjrveyed (nth rim) 
Heron 
Island 
8.5% 
1.2% 
4.3% 
* 
* 
* 
* 
0.9% 
* 
2.1% 
2.2% 
0.2% 
27.1% 
5% 
* 
10.6% 
* 
* 
3.0% 
* 
* 
* 
34.7% 
* 
0.9% 
329 
Lady 
Elliot 
51.3% 
0.6% 
0.9% 
47.2% 
318 
North 
West 
2.0% 
0.3% 
0.6% 
0.9% 
0.6% 
0.3% 
94.4% 
0.9% 
320 
* Species observed in zones other than the north reef rim during related a study 
(Townsend 1995); BWY, an imusual black white and yellow colour form for Ecsenius 
bicolor. 
Diversity, Richness and Equitability 
The northem rim of Heron Island reef had the highest richness, diversity and 
equitability of species on the three reefs (Table 2.2). 
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Table 2.2: Species richness, Shannon diversity index and Shannon equitability indices 
for the northem rim on Lady Elliot, North West and Heron Island reefs. 
Reef Lady Elliot North West Heron Island 
Species richness (S) 
Shannon diversity index (H) 
Shannon equitability index (J) 
4 
0.77 
0.56 
8 
0.31 
0.15 
12 
1.84 
0.74 
Density and Biomass 
A one-way ANOVA indicated that the mean densities of blennies on the three reefs 
did not differ significantly from one another (P>0.933, df = 74) (Figure 2.3). 
A one-way ANOVA indicated that there was a highly significant difference in 
biomass between the three reef systems (P<0.0001, df = 74) (Figure 2.4). Tukey-
Kramer HSD test indicated that North West reef had the lowest biomass of the three 
reefs. Biomass estimates are reflected in the mean total length estimates across the 
three reefs, the smallest animals occurred on North West reef 64.6 mm (+/- 0.05 S.E.) 
while Lady Elliot and Heron Island had slightiy larger animals, 71.5 mm (+/- 0.05 
S.E.) and 71.2 mm (+/- 0.08 S.E.), respectively. 
•^ g 1.00 
Lady Elliott North West Heron 
Figure 2.3: Mean density of all blennies from the northem rim of Lady Elliot, 
West and Heron Island reefs (+/- S.E.). 
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Figure 2.4: Mean biomass of blennies (g of fish m"^ ) found on the northem rim of 
Lady Elliot, North West and Heron Island reefs (+/- S.E.) 
Discussion 
Visual censusing 
Although the bias in visual censusing has been recognised, it is considered to be the 
best non-destmctive method of estimating population density and biomass of reef fish 
(Sale & Douglas 1981, Brock 1982, Graham 1992). Detailed esfimates of accuracy of 
estimates of density, size structure and biomass of Salarias fasciatus were attempted 
in past studies and, at best, an accuracy of only 70-80% could be achieved of the 
actual population (St. John et al. 1990). Thus the present study then can only be used 
as an estimate of minimum biomass. 
A posteriori power analvsis 
An a posteriori power analysis revealed that with 95% confidence, an accuracy of 
greater than +/- 25% was obtained for all reefs. This is considered to be relatively 
precise for a visual census technique, although it can be expected that the tme 
population has been underestimated (Gunderson 1993), particularly as combtoothed 
blermies are both easily disturbed and cryptic in both colouration and behaviour. 
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Density and Biomass comparisons 
The fish families that have previously been reported to exert the greatest impact on the 
epilithic algae matrix (EAM) are the pomacentrids, acanthurids, scarids and siganids 
(see reviews by Hom (1989) and Choat (1991)). The densities of blennies estimated 
during the present study were much higher than those estimated by O'Connell (1993) 
for scarids, acanthurids, siganids and pomacentiids (Table 2.3). Although the density 
of blennies in each of these areas was higher than the estimates of conspicuous 
grazing fish provided by O'Connell (1993), it does not necessarily follow that they are 
of greater ecological significance because O'Cormell conceded that she may have 
underestimated tiie abundance of these fish families. Plus, the biomass of a single 
blenny may be several orders of magnitude smaller than that of a scarid, siganid or 
acanthurid. To determine the ecological significance of blennies and to make direct 
-2 
comparisons with other grazing fishes, biomass (g offish m ) must be compared. 
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Table 2.3: Density (number per m +/- S.E.) of five families of herbivorous fish on 
Heron Island reef rim (O'Connell 1993), relative to density of blermies from 
equivalent zones on Heron Island, Lady Elliot and North West reefs (this 
study). 
Fish Family Reef Density m'^ (+/- S.E.) 
Scaridae^ Heron Island 0.12(0.02) 
Acanthuridae^ Heron Island 0.02(0.01) 
Siganidae^ Heron Island 0.007 (0.003) 
Pomacentridae^ Heron Island 0.48 (0.3) 
Blenniidae* Heron Island 0.66 (0.05) 
Blenniidae* Lady Elliot 0.64 (0.05) 
Blenniidae* North West 0.64 (0.03) 
Data from O'Connell (1993) C) and present study (*). 
As O'Connell's (1993) study at Heron Island reef did not provide biomass estimates, 
comparisons between blermy biomass and that of other grazers must be drawn from 
other reefs where such estimates have been provided. Data from Hatcher (1981) and 
Klumpp & Polunin (1990) were used to estimate biomass for various functional 
grazing groups (Table 2.4). The mean biomass of blennies on Heron Island and Lady 
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Elliot reefs was approximately 5.5 g m'2, which is half that of the scarid biomass, 
twice that of the acanthurid biomass and eight times that of the small croppers found 
on One Tree reef (Table 2.4). As the "resident cropper" category combines the 
biomass estimates for both blermies and resident damselfish, the mean fresh mass 
used for this category was much higher than that of blennies for this study (17.3 g 
versus 5.22 to 8.72 g). Also, the mean fresh mass estimates for the small croppers 
(Pomacentridae) appears to be very high; figures of 8 -12 g would be expected for the 
pomacentrids that are commonly found around Heron Island reef (Booth 1998, 
Townsend & Tibbetts in press). 
Altematively, estimates of fresh mass from Klumpp & Polunin (1990) are very low 
with pomacentrid and blenny mass estimates being 1.61 and 2.03 g respectively, four 
times less than estimates for fish from Heron Island and Lady Elliot reefs and 
approximately three times less than blermies from North West Reef This lower fresh 
mass estimate would explain the low biomass estimates. Also, Klumpp & Polunin 
(1990) concentrated on only one species of resident croppers where as both Hatcher 
(1981) and this study based estimates on the entire community. 
The high biomass estimates of blennies may have further ecological consequences; 
small-bodied blermies have a potentially higher rate of metabolism relative to the 
larger fish such as the scarids, siganids and the acanthurids (Hatcher 1981). If this is 
the case, then the consumption rate of blennies (mg C per g of body mass) may be 
higher than that of the larger bodied animals. Therefore, blennies may be removing a 
greater biomass of algae from the reef system than an equivalent mass of larger 
grazing fish. This in tum may also relate to the animal's digestion rate and 
assimilation efficiency. 
Comparisons between Lady Elliot, Heron Island and North West reefs revealed that 
although the total densities were almost identical, the species diversity and biomass 
varied significantly. The reduced biomass on North West reef may be explained by the 
lower mean blenny size on this reef But why are the S. fasciatus smaller on North 
West reef (or conversely why are they larger on Heron Island)? Several factors may 
have contributed to the observed difference in animal size. A recmitment event may 
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Table 2.4: Comparison of biomass estimates of various functional grazing groups on 
tiie leeward slope of One Tree Island Reef (from Hatcher 1981 = *), windward 
reef rim on Davies Reef (from (Klumpp & Polunin (1990) = t) to the 
estimated biomass of blennies from the north reef rim on Heron Island, Lady 
Elliot and North West reefs (this study). 
Functional 
Group 
Scrapers 
Suckers 
Large 
croppers 
Small 
croppers 
Resident 
croppers 
Resident 
cropper 
Resident 
cropper 
Resident 
croppers 
Resident 
croppers 
Resident 
croppers 
Fish Families 
included 
Scaridae 
Acanthuridae 
Acanthuridae 
Pomacentridae 
Pomacentridae 
& Blermiidae 
Pomacentridae 
{P. flavicauda) 
Blenniidae 
(iS. fasciatus) 
Blermies only 
Blennies only 
Blermies only 
Reef 
One Tree 
One Tree 
One Tree 
One Tree 
One Tree 
Davies 
Davies 
Heron 
Island 
Lady Elliot 
Nortii West 
Mean fresh 
mass (g) 
91.7 
171.5 
183.4 
71.8 
17.3 
1.61 
2.03 
8.72 (0.04) 
8.38 (0.08) 
5.22 (0.02) 
Mean 
density 
(fishm-^) 
0.112 
0.010 
0.006 
0.009 
1.634 
1.4(0.1) 
0.4 (0.1) 
0.66 (0.05) 
0.64 (0.05) 
0.64 (0.03) 
Mean 
biomass (g 
fish m"2) 
10.27 * 
1.72* 
1.10* 
0.65* 
28.27 * 
2.26 t 
0.811 t 
5.76 (0.04) 
5.36 (0.08) 
3.34 (0.02) 
Figures in parentheses = ± S.E., no measure of variation was provided for the figures 
by Hatcher (1981) and for mean fresh mass and biomass by Klumpp & 
Polunin (1990). 
have occurred on North West prior to the study, although this seems unlikely as Heron 
Island reef was surveyed less than a month later than North West reef and a similar 
trend may have been expected for both reefs. Also, the survey was done in January, 
the season of spawning and about two months before the first of the recmits are 
generally observed on the reef (Townsend unpubl. data). Other possible explanations 
include differences in nutrient / microhabitat availability, isolated populations creating 
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diverging body morphologies or increased intra- and interspecific competition for 
resources (food and shelter) at North West reef relative to Heron Island reef 
Species diversity varied greatly on Lady Elliot relative to the other two reefs 
investigated. Despite the unusual size and shape of Lady Elliot reef (Figure 2.2), the 
microhabitat composition of the North reef rim was comparable to Heron Island and 
North West reefs (pers. obs.). So why was the species composition at Lady Elliot so 
dissimilar to the other two reefs? The observed differences could be explained by the 
physical or physiological barriers that the adult and larval blennies might have to 
overcome. Combtoothed blermies are territorial benthic fish that lay demersal eggs, 
have a relatively short larval phase and are not good long distance swimmers 
(Thresher 1980). The distance between North West and Heron Island reefs is 
approximately 10 nautical miles, while the distance between Heron Island and Lady 
Elliot is approximately 60 nautical miles. The closest reef to Lady Elliot with a 
population of S. fasciatus is Lady Musgrave reef (Townsend unpubl. data), which is 
over 20 nautical miles away. Therefore, the distances between reefs may provide a 
physical barrier for adult and larval dispersal. 
Little is known about the temperature tolerances for either adult or larval combtoothed 
blennies. Lady Elliot is the southem most of all the reefs of the GBR and the mean 
water temperature ranges from 18°C to 20°C (Byron 1987). North West and Heron 
Island reefs have mean water temperatures of 20°C to 25°C (Byron 1987). It may be 
that Lady Elliot is too far south to support a large diversity of tropical combtoothed 
blennies, caused by temperature related physiological restraints or by increased 
competition from southem grazers such as kyphosids. Further study would be required 
to address these hypotheses. 
Detailed assessment of the distribution and abundance of blennies has shown that 
because of their density and biomass, they are possibly of greater importance to coral 
reef grazing than previously thought. The density and biomass of blermies from Lady 
Elliot, Heron Island and North West reefs exceed that of many of the conspicuous fish 
grazers recorded on Heron Island, One Tree and Davies reefs from previous studies 
(Hatcher 1981, Klumpp & Polunin 1990, O'Connell 1993) This stiidy highlights tiie 
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potentially important ecological role that herbivorous blermies may play in the 
Capricom Bunker group of reefs in the Great Barrier Reef, Australia. 
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Chapter 3: A comparison of feeding rate and behaviour in two small 
grazing reef fishes Salarius fasciatus and Pomacentrus wardi. 
(Published in the Joumal of Fish Biology) 
Introduction 
Members of the fish families Pomacentridae, Scaridae, Siganidae and Acanthuridae 
have been described as keystone grazers in Indo-Pacific reef systems (Choat 1991). A 
recent study of the biomass and distribution of herbivorous combtooth blennies 
(Blenniidae, Salariini) indicated that they might also play an important role in the total 
grazing pressure in Capricom-Bunker reefs of the Great Barrier Reef (Townsend & 
Tibbetts 2000, Chapter 2). 
Combtooth blennies are abundant in many marine environments (Nursall 1981, 
Roberts 1985, Illich & Kotrschal 1990, Townsend & Tibbetts 2000) and have been 
shown to overlap in diet and space with pomacentrids (Low 1971, Nursall 1977, 
Hatcher 1981, Roberts 1985, 1987, Bootii 1998). h has been suggested that territorial 
pomacentrids tolerate blennies grazing within their territories, because they are unable 
to exclude them (Roberts, 1985). The influence of co-territoriality on epilithic grazing 
has received little attention. 
The epilithic algal matrix (EAM) consists of a mixture of microalgae, sediment, 
detiitus, phytoplankton, and meiofauna plankton (Wilson & Bellwood 1997). 
Territorial pomacentrids affect the community stmcture of EAM (Low 1971, Lobel 
1980, Hixon & Brostoff 1983, Breitburg 1985, Klumpp et al. 1988, Klumpp & 
McKinnon 1989), whereas it has been assumed that salariine blermies do not have a 
significant impact on the EAM due to their small size (Robertson & Polunin 1981, 
Scott & Russ 1987). Thus it has been suggested that co-habiting blennies do not 
decrease the food resources of pomacentrids, at least in the short term (Roberts 1987). 
However, blermies are important grazers in temperate rocky reef systems (Ojeda & 
Munoz 1999). To assess the contribution made by combtooth blennies to grazing in a 
coral reef system, estimates of the grazing impact of a common blenny Salarias 
fasciatus (Bloch, 1786) were compared with those of a relatively conspicuous grazer 
of a similar size, Pomacentrus wardi Whitiey, 1927 at Heron Island reef Inter- and 
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intra-species behavioural interactions of these abundant territorial grazers were 
investigated also for possible explanations of any observed differences in EAM 
consumption. 
Materials and Methods 
Grazer biomass, total bites per day, total organic carbon and dry mass of EAM 
consumed per bite were estimated for Pomacentrus wardi and Salarias fasciatus at 
Heron Island reef (23° 27'S, 15r55'E), a platform reef in the Capricom Bunker group 
at the southem end of the Great Barrier Reef (Figure 3.1). Data were collected each 
spring (September - November) over three years (1995 - 1997). 
^Ofi 
^i 
^e. 
^SL^Jt^^h '• • Heron Island Reef 
Study Site^fe; _ . , * • . , * .^'^"'^ 
/^  
Figure 3.1: Location of study site {-Jk) on Heron Island reef (Inset C). (Based on Byron 
(1987)). 
Grazer Biomass 
Grazer biomass was estimated by conducting twenty-five 20 m^ belt transects by 
snorkel on the south reef rim on Heron Island reef (Figure 3.1). For a physical 
description of the reef rim, see (Flood 1993). The transect width of 2 m was chosen 
based upon the number of species recorded and the time required to record the data as 
recommended by Bellwood & Alcala (1988). As P. wardi and 5. fasciatus are 
susceptible to disturbance, a 10 min acclimation period was allowed between laying 
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the transect and collecting data. Numbers and estimated total lengths (± 5 mm) of P. 
wardi and S. fasciatus were recorded. Animals < 10 mm Lj were not included in the 
survey due to the difficulty in observing them. A minimum of 20 min was spent 
surveying each belt transect, as recommended by St. John et al. (1990). 
Mean wet mass per fish was calculated by capturing (using the anaesthetic, clove oil), 
measuring and weighing 34 P. wardi and 28 iS. fasciatus during the spring seasons 
over a three-year period. Biomass was estimated from regression equations derived 
from length-mass (L-M) relationships. The regression relationship developed by St. 
John et al. (1990) was used for Salaris fasciatus (In mass (g) = 3.178 In L (mm) -
2 
11.813, r = 0.976). A length-mass relationship was determined from a random 
sample of P. wardi (n=56) (In mass (g) = 2.782 In L (mm) - 9.764, ? = 0.927). 
Bite rate and behavioural observations 
Blermies and pomacentrids are diumally active; feeding only during the daylight hours 
(Nursall 1977, Nursall 1981, Klumpp & Polunin 1989, pers. obs.) thus all 
observations of grazing rates were conducted by snorkelling between 0600 and 1700 
hours. All surveys were conducted on the southem reef rim of Heron Island reef 
(Figure 3.1). Fish were allowed to acclimate to the observer's presence for 10 min. 
Each fish was observed for a minimimi of 15 min and a maximum of 30 min. The 
following were recorded: species, start and finish time, estimate of total length (± 5 
mm), the number of bites taken, and any interactions that occurred. One hundred and 
ten observations were taken for each species (10 observations for each hour). 
Territorial interactions were recorded separately to feeding observations. An animal 
was chosen haphazardly and observed for 10 - 15 min. During this time, the edges of 
the territories were defined by placing coloured markers at the point at which the 
resident fish stopped chasing non-resident fish and retumed to its observation point.' 
Once the edges of the territories were defined, each fish was observed for a further 30 
min. The number and identity of fish entering the territory and interactions between 
' It has since been acknowledged that this technique may have caused overestunates of territory size. 
Instead, boarders should be defined at point of initiation of chase of intruder (D. Booth pers com. 2004) 
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tiie resident fish and otiier fish were recorded. Thirty-five territories were observed for 
each species. 
Mass of EAM per bite 
Bite mass was estimated by gut content analysis using a technique modified from 
Klumpp & Polunin (1989). Five S. fasciatus and five P. wardi were collected from tiie 
reef rim each hour from 0600 h to 1100 h (50 animals total) using either a clove oil 
solution (1:1:8 solution of clove oil: 90% ethanol: seawater) or a fine gauge Hawaiian 
sling. Animals were pithed immediately on capture, placed on ice in sealed plastic 
bags, and stored in an upright freezer (-20°C) upon return to the lab. 
Individuals were thawed, blotted dry and weighed on an electronic balance (± 0.001 g) 
and total length recorded (± 1 mm). The entire gut from the posterior of the 
oesophagus to the anus was dissected out. For each individual, the gut contents 
anterior to the rectal valve were squeezed out carefully onto a labeled, pre-weighed 
aluminum tray. The sample was dried for a minimum of 24 h at 80°C, after which the 
mass was determined using a Sartorius BP210s balance (± 0.0001 g). Then half of the 
dried sample was placed in a kiln at 600°C for 6 h and weighed (ash free dry mass -
AFDW) to determine the proportion of total organic carbon (% OC) (Klumpp & 
Polunin 1989). The other half of the sample was used to estimate the proportion of 
calcium carbonate in the gut contents. Samples of gut contents of c. 0.05 g (± 0.007 g) 
were dissolved in 15 ml of 10% hydrochloric acid for 15 - 20 min, filtered on to pre-
weighed glass filter papers and placed into a drying oven at 80°C for 24 h. The filter 
and remaining sample were re-weighed and the proportion of CaCOa calculated. This 
procedure was repeated for each individual (50 total). 
Gut fullness was standardized for different sized fish using a gut contents index (GCI) 
derived by dividing the dry mass of the gut contents (mg) by the blotted wet mass of 
the fish (g) (Klumpp & Polunin 1989). 
Calculation of grazing impact 
To estimate the grazing impacts of each species, the GCI plot for the first inflection 
point, which under sustained bite rate indicates the point at which the gut is full 
(Klumpp & Polunin 1989) was examined. After which time the gut contents decreases 
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due to defecation and/or reduced feeding intensity. The time at which the inflection in 
GCI occurred was used to determine the cumulative number of bites taken to fill the 
gut. The GCI value at the time the gut was filled was multiplied by the mean wet mass 
of fish to yield the mean mass of dried EAM consumed to fill the gut of an average 
sized fish. This value was divided by the mean number of bites taken until the gut was 
full to derive the dry mass of EAM removed per bite per fish. This value was then 
multiplied by the cumulative number of bites per day to calculate the mean amount of 
dried EAM removed per day per fish. This value multiplied by the numerical density 
of fish yields an estimate of the dry mass EAM (g) removed per m per day. (See 
Table 3.2 for example calculations). 
Amount of organic carbon consumed per m per day for each species was calculated 
by multiplying the amount of dried EAM removed by the proportion of organic carbon 
found in the gut samples. 
Standard error terms for values derived from the products and quotients of means 
were estimated as the sum of the relative uncertainties (propagation of error) (Parratt 
1966); A. Wiegand pers. com.). All data were analysed using JMPIN 3.2.1 (SAS 
Institute Inc.). Biomass comparisons were analysed using a one-way ANOVA and 
diumal feeding rates were analysed using a two-way ANOVA. Behavioural data were 
investigated using non-parametiic analyses (Chi-square and Log likelihood ratios). 
Prior to analysis by ANOVA, homogeneity was tested using Shapiro-Wilk W statistic 
and normality of variances was tested using Bartlett's test (Sail & Lehman 1996). 
Non-normal data were In or arcsin transformed. Consistently heteroscedastic data 
were analysed using the non-parametric Wilcoxon/Kruskal - Wallis Test (Rank sums) 
(Sokal&Rohlfl995). 
Results 
Biomass 
There was no significant difference between the biomass of P. wardi and S. fasciatus 
on the southem reef rim of Heron Island reef (Wilcoxon / Kmskal - Wallis Test; x^  
value = 0.143, p = 0.705). The estimated biomass for P. wardi and S. fasciatus was 
2.37 (± 0.15) g m"^  and 2.95 (+ 0.39) g m'^ , respectively. Conversely, the numerical 
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density was significantly greater for P. wardi (One-way ANOVA, F ratio - 26.23, p 
<0.0001). The estimated numerical density for P. wardi and S. fasciatus was 0.29 (± 
0.02) fish/m^ and 0.17 (± 0.01) fish m"^ respectively. 
The mean wet mass per species of collected fish was 8.76 (± 0.6) g (n = 34) for P. 
wardi and 7.9 (± 0.7) g (n = 28) for S. fasciatus. A one-way ANOVA on In 
transformed data showed no significant difference in mean wet mass between the two 
species (F ratio = 1.6402, p = 0.2052). 
Bite rate 
The bite rate for P. wardi was relatively constant for much of the day until 1400 h; at 
which time feeding rate increased for the last two hours (Figure 3.2). Salarias 
fasciatus increased their feeding rates until 1300 h, at which time there was a decrease 
in bite rate (Figure 3.2). The bite rate increased at 1400 h and stayed elevated through 
to 1600 h (Figure 3.2). A two-way ANOVA showed that the mean bite rate (bites min 
•') was significant for factors Time, Species and the interaction factor Time x Species 
(Table 3.1). 
..o^ \ ,^ ^ ..^ ^ O) .^^ .cP .C?> N -^ A-
..^^ 
Time of day 
.cP ,^^ ^o^ j ; i^ 
• p. wardi 
•S. fasciatus 
Figure 3.2: Diumal feeding rates of P. wardi and S. fasciatus from Heron Island reef 
rim in spring, plotted as mean bite rate (± S.E.) for each hour. 
Mean cumulative number of bites per day for S. fasciatus exceeded that of P. wardi 
(3427 (± 412) bites per day vs 1155 (± 303) bites per day, respectively) (Figure 3.3). 
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The comparison plot of gut content index (GCI) against time of day showed that 
P.wardi and S. fasciatus had full guts by 0900 h (Figure 3.4) and 0700 h (Figure 3.5) 
respectively, after which GCI decreased. The mean cumulative number of bites taken 
by P.wardi at 0900 h was 305 (±79) (Figure 3.3) while the mean number of bites 
taken by S. fasciatus by 0700 h was 165 (± 36) (Figure 3.3). 
Table 3.1: Two-way ANOVA on bites per minute for P. wardi and S. fasciatus (log 
(x+1) transformation). Study was conducted during spring on the windward 
rim of Heron Island reef Factors are Spp = species (n=2) and Time = 11 one 
hour periods (n=l 1). 
Factors df Sum of squares F ratio Prob >F 
Spp 
Time 
Spp X Time 
1 
10 
10 
2.15 
2.24 
2.20 
37.75 
3.93 
3.86 
<0.0001 
<0.0001 
<0.0001 
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Figure 3.3: Cumulative number of bites taken per fish each hour per day for P. wardi 
(total of 1155 (± 303) bites/day) and S. fasciatus (total of 3427 (± 412) 
bites/day) on Heron Island reef rim in spring (September to November). 
(Standard errors not shown for increased clarity). 
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6:00 7:00 8:00 
Time of Day 
9:00 10:00 
Figure 3.4: Plot of mean gut content index (GCI) (mg dry gut contents / g blotted wet 
mass offish) Each hour between 0600 h and 1000 h on the southern reef rim 
of Heron Island reef during spring for P. wardi. Arrow indicates the time the 
gut is assumed to be full (± S.E.). 
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Figure 3.5: Plot of mean gut content index (GCI) (mg dry gut contents / g blotted wet 
mass offish) Each hour between 0600 h and 1000 h on the southern reef rim 
of Heron Island reef during spring for S. fasciatus. Arrow indicates the time 
the gut is assumed to be full (± S.E.). 
53 
EAM consumption 
Each species was estimated to remove 0.14 (±0.06) (P.wardi) and 2.19 (±0.98) (S. 
fasciatus) mg of dried EAM per bite (Table 3.2). The total amount of dried EAM 
removed per m^ per day for P. wardi and S. fasciatus was calculated to be 46.66 (± 
29.97) and 1392.32 (± 1012.76) mg EAM m'^  d'', respectively (Table 3.2). 
Table 3.2: Estimated dried mass of epilithic algal matrix (EAM) and organic carbon 
consumed by P. wardi and S. fasciatus on the south rim of Heron Island reef 
per m^ per day. Formulas used to calculate cumulative number of bites, dry 
mass of EAM per bite and organic carbon consumption shown in brackets. ± = 
standard error. 
P. wardi S. fasciatus 
A. Time at which gut is first full 
B. Mean wet mass per fish (g fish"') 
C. GCI at time of gut fullness (mg / g offish) 
D. Cum no. bites to first full gut (bites fish'') 
E. Total cum no. of bites (bites day"' fish"') 
F. Numerical density offish (fish m"^ ) 
G. % Organ carbon of gut contents 
H. Dry mass of EAM per bite (mg bite-'fish"') (CxB/D) 
I. Dry EAM consumption (mg m"^  day"') (H x E x F) 
J. Organic carbon consumption (mgCm"May"') (I x G) 
0900 h 
8.76 (± 0.6) 
4.85 (± 0.48) 
305 (± 79) 
1155(1303) 
0.29 (+0.02) 
76% (± 2.6 %) 
0.14 (±0.06) 
46.66 (±29.97) 
35.46 (±22.78) 
0700 h 
7.9 (± 0.7) 
45.68 (±6.48) 
165 (±36) 
3427 (±412) 
0.17 (±0.01) 
35% (±3.0%) 
2.19 (±0.98) 
1392.32 (±1013) 
487.31 (±355) 
The proportion of organic carbon in dried gut contents was significantly higher 
for P. wardi (0.76 (± 0.026)) relative to S fasciatus (0.35 (± 0.03)) (One-way 
ANOVA on arcsin ti-ansformed data: f ratio = 104.81, df = 49, p <0.0001). The 
amount of organic carbon consumed per m^ per day was calculated to be 35.46 
(±22.78) mg C m"^  d"' for P. wardi and 487.31 (±354.46) mg C m'^  d"' for S fasciatus 
(Table 3.2). 
The mean proportion of calcium carbonate in the dried gut contents of P. 
wardi (0.54 (± 0.03) was significantly less than S. fasciatus (0.92 (± 0.03)) (One-way 
ANOVA on arcsin ti-ansformed data: F ratio = 65.4385, df=49, p <0.0001). 
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Behavioural observations 
Approximately 85% of all P.wardi territories had at least one resident blenny (pers. 
obs.). Of grazers other than salariine blennies that were observed in P. wardi 
territories, approximately 80% were chased, whereas fewer than 10% of the grazers 
that entered S. fasciatus territories were chased (Figure 3.7). P. wardi chased a much 
larger percentage (53%) of other pomacentrids from their territories than blennies 
(20%). Conversely, S. fasciatus chased approximately 90% of other blennies from 
their territories, while chasing only approximately 20% of all damsels that entered 
(Figure 3.7). Non-grazers were rarely chased by either P. wardi or S. fasciatus (Figure 
3.7). 
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Figure 3.6: Mean proportion of invading fish groups chased from territories by P. 
wardi and S. fasciatus on Heron Island reef rim during spring (± S.E.). 
The chasing of other blennies by S. fasciatus was size dependent (Table 3.3). Resident 
blennies only chased blennies that were the same or smaller size (Log likelihood ratio: 
19.081, p< 0.001) (Table 3.3). 
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Table 3.3: Table of observed chases by S. fasciatus relative to blermy size on Heron 
Island reef rim during spring. Blennies chased include Salarias fasciatus, 
Ecsenius mandibularis and Atrosalarias fuscus. Small = 10 to 49 mm. 
Medium = 50 to 99 mm. Large = 100 to 140 mm. Size ranges exclude 
individuals that fell within the error of field estimates of total length (± 5 mm). 
The chance of 5. fasciatus chasing a blermy the same size or smaller than itself 
was significantly higher than chasing a blenny larger than itself (Log 
likelihood ratio: 19.081, x^p = 0.0008.) 
Size of blenny being chased 
Small 
Medium 
Large 
Totals 
Size of resident S. fasciatus 
Small 
6 
22 
45 
73 
Medium 
0 
13 
11 
24 
Large 
0 
0 
11 
11 
Total 
6 
35 
67 
108 
Discussion 
Contrary to assumptions invoked in previous studies (Roberts 1985, Klumpp & 
Polunin 1989, Booth 1998), the data from the present study suggest that combtooth 
blermies can be important contributors to grazing pressure in shallow water coral reef 
habitats. Klumpp & Polunin (1989) reported that blennies and other grazers were not 
important consumers of EAM within Stegastes apicalis territories because of their low 
biomass density. On Heron Island reef S. fasciatus occurred in biomass densities 
similar to those of P. wardi, but had relatively higher bite rates and a greater bite 
mass. 
Mean biomass density for S. fasciatus in our study of the windward rim of Heron 
Island reef (2.95 g m"^ ) exceeds that reported by Klumpp & Polunin (1990) in an 
equivalent zone on Davies Reef (0.81 g m"^ ) but is similar to their estimate for the mid 
reef flat (2.377 g m"^ ). The estimate for P. wardi biomass (2.37 g m"^ ) from the 
present study is similar to tiie estimate for P. flavicauda in an equivalent zone on 
Davis reef (2.26 g m"^ ) (Klumpp & Polunin 1990). Booth (1998) reported a range in 
numerical density for P. wardi of 0.95 - 1.25 fish m"^  in the lagoon of One Tree reef 
This is substantially higher than our estimates of numerical density for P. wardi on the 
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rim of Heron Island Reef Higher densities in lagoonal areas relative to the reef rim 
has also been observed witii blennies at Heron Island reef (Townsend 1995, Townsend 
& Tibbetts 2000). Variations in observed fish densities within various zones on Heron 
Island reef have been previously related to habitat-specific factors (Auh and Johnson 
1998). 
The mean number of bites per day for P. wardi (1155) was similar to those reported 
by Booth (1998) for P. wardi on One Tree Island (1366) and less tiian that reported 
for Stegastes apicalis on Davis Reef (2515 bites per day) (Klumpp & Polunin 1989). 
The bite rate for Salarias fasciatus at Heron Island reef (3427 bites day"') exceeds 
these values for pomacentrids. This estimate is comparable to the 3000+ bites per day 
taken by the jewelled damsel, Plectroglyphidodon lacrymatus, on the fringing reef of 
Morupore Island, PNG (Polunin 1988). 
The daily consumption of organic carbon by P. wardi and S. fasciatus is comparable 
to that for other groups of large grazers (Table 3.4). (Klumpp & Polunin 1989)) 
estimated that blermies on Davies reef consumed 0.024 g C m" day" , while the 
territorial damselfish, Stegastis apicalis, consumed much more (0.773 g C m'^  day"'). 
Pomacentrus wardi (this study) consumed slightly more carbon than S. fasciatus, 97%) 
less than (Klumpp & Polunin 1989) determined for S. apicalis, and more than an 
order of magnitude less than estimates for the territorial damsel fish 
Plectroglyphidodon lacrymatus (Polunin 1988). Salarias fasciatus (this study) 
consumed 95% more organic carbon than blennies within pomacentrid territories in 
Klumpp & Polunin (1989) study and less than territorial damselfish reported in 
Hatcher (1981), Klumpp & Polunin (1989) and Polunin (1988) (Table 3.4). In 
comparison with the herbivore guilds classified by Hatcher (1981), S. fasciatus 
consumed amounts of carbon comparable to suckers, large croppers and small cropper 
guilds, while it consumed substantially less than the scrapers and the resident croppers 
(Table 3.4) (Hatcher 1981). The sttidies by Hatcher (1981) and Klumpp & Polunin 
(1989) were both based on grouping many species together, while our study 
concentrated on only two species. Despite this, the estimates of organic carbon 
consumption for iS. fasciatus alone were comparable to most of the multispecies 
groups previously investigated (Table 3.4). 
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Table 3.4: Comparison of estimated mean grams of organic carbon consumption per 
m^ per day (g Org. C) (± standard error) between various herbivorous groups 
and the estimates for S. fasciatus and P. wardi derived from this study. H ('81) 
= Hatcher (1981), K&P ('89) = Klumpp & Polunin (1989), P ('88) = Polunin 
(1988). 
Functional group Fish families included g Org. C Reference 
Scrapers 
Suckers 
Large croppers 
Small croppers 
Resident croppers 
Blennies 
Resident cropper 
Resident cropper 
Resident cropper 
Resident cropper 
scarids + siganids 
acanthurids 
acanthurids 
pomacentrids 
pomacentrids + blennies 
blennies (winter) 
Stegastes apicalis (winter) 
Plectroglyphidodon lacrymatus 
Pomacentrus wardi (spring) 
Salarias fasciatus (spring) 
0.611 
0.156 
0.092 
0.082 
1.443 
0.024 
0.773 
1.43 
0.04 (± 0.02) 
0.49 (± 0.35) 
HC81) 
H('81) 
HC81) 
H('81) 
H('81) 
K&P ('89) 
K&P ('89) 
P('88) 
This study 
This studv 
A daily peak in grazing rates is a common phenomenon among herbivorous reef fishes 
(Polunin & Klumpp 1989, Choat & Clements 1993, Booth 1998). P. wardi showed a 
relatively constant number of bites per minute over most of the day with the exception 
of a sharp increase at 1500 h and 1600 h. This pattem is similar to that described for 
P. flavicauda, which was also measured in spring (October) (Klumpp & McKirmon 
1989) but is not in agreement with the constant grazing rates reported by Booth (1998) 
for P. wardi. Conversely, grazing rates for S. fasciatus increased steadily from dawn 
and peaked at noon. This contradicts observations by Klumpp & Polunin (1990) who 
reported grazing rates for S. fasciatus to peak at 1500 h. Interestingly; S. fasciatus had 
a marked dip in feeding rate at 1300 h. This is contrary to reports from other studies, 
which show that grazing rates for other herbivorous fishes (e.g., scarids, siganids and 
acanthurids) peak at that time (Klumpp & McKinnon 1989, Hom et al. 1990, Zoufal 
& Taborsky 1991, Choat & Clements 1993). This dip in blermy grazing rate may be a 
response to disturbance through the increased grazing rates of the larger herbivorous 
fish. Blennies were ofl;en observed to cease feeding activity and seek shelter in 
crevices when larger herbivores such as scarids, siganids and acanthurids fed inside 
their territories (pers. obs.). Other factors, however, may influence the intensity of 
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grazing. Tidal cycle, temperature, light intensity, crowding and variations in EAM 
nutritional quality (Taborsky & Limberger 1980, Polunin & Klumpp 1989, Zoufal & 
Taborsky 1991, Choat & Clements 1998). A comprehensive investigation is required 
to determine the factors that influence the grazing patterns for S. fasciatus and P. 
wardi. 
Differences in organic carbon consumption by tiie two fishes may be explained by 
differences in their agonistic behaviour. Pomacentrus wardi chased almost all grazers 
that entered their territories, whereas S. fasciatus chased far fewer intruders from their 
territories. Therefore, P. wardi spent more time in such interactions compared to S. 
fasciatus, reducing the time available for them to feed. Booth (1998) suggested that 
because P. wardi on One Tree reef rarely chased salariine blermies that the latter 
probably have a low impact on that reef relative to P. wardi. Our data suggest that the 
number of chases by territorial pomacentrids is a poor indicator of the importance of 
grazing impact by salariine blermies. Instead, I support Roberts (1985) suggestion that 
territorial pomacentrids tolerate (or ignore (Nursall 1977)) blermy-grazing activity 
within their territory. Most pomacentrid territories (ca. 85%) appeared to have at least 
one resident blenny (pers. obs.). Resident blermies chased all blermies that were the 
same size or smaller than themselves. Size-dependent interactions have previously 
been noted in the redlipped blermy (Nursall 1977). Blennies have a size-related 
pecking order and if the large resident animal is removed, there is an influx of smaller 
recruits into the territory (Nursall 1977). By tolerating resident blermies, P. wardi may 
save energy in two ways. Firstly, by not having to chase a larger number of new 
blenny recruits from its territory and secondly by reducing the impact on the EAM 
from smaller blennies with their higher metabolic requirements. Manipulative 
experimentation is required to investigate this hypothesis. 
Tolerance of P.wardi to the presence of S. fasciatus in its territory may also be 
explained by comparing the components of the EAM that tiie two species utilise. 
Recent studies have shown that pomacentrids, which have tiaditionally been classified 
as herbivores, gain tiie majority of their nitrogen and organic matter from detrital 
aggregates and not from the epilithic algae they consume (Wilson & Bellwood 1997). 
This suggests that the tolerance of P. wardi to S. fasciatus within their territory, may 
59 
be due to the absence of direct competition for food. Wilson & Bellwood (1997) 
proposed that the territorial gardening behaviour observed in damselfish may be 
related to detrital accumulation due to baffling by the algae, rather than the nutritional 
value of the algae themselves. Salariini blermies are also thought to feed on detrital 
matter (Robinson 1994, Tibbetts et al. 1998, Wilson 2000). Competition between tiie 
two species may not be over the algal components of the EAM, but instead detritus. 
Although P.wardi consumed less EAM per bite than S. fasciatus, the proportion of 
organic carbon consumed per bite was significantly greater. This implies that each 
species may consume different components of the EAM. The oral morphology of the 
damselfish (Choat 1991) allows it to be a more selective grazer relative to S. fasciatus 
(Robinson 1994). Tentative support for differential selectivity between the two species 
is offered through their pattems of calcium carbonate consumption. Salarias fasciatus 
consumed a significantly greater proportion of CaCOj relative to P. wardi, from 
which we infer that the blermy is a less selective feeder. Pomacentrus wardi may thus 
be able to gain adequate nutrition in less time and redirect activity to territory defence. 
Regardless of which component of the EAM each species assimilates, they probably 
compete, albeit indirectly, for EAM. Once EAM is removed from the substratum, it is 
no longer available for consumption by the competitor. 
This study was not intended to address the issue of what fraction of the EAM each 
species assimilates, but rather the ecological implications of their relative influence on 
EAM. For example, along the coast of Chile, the high abundance and grazing pressure 
exerted by the blermy Scartichthys viridis was shown to be a key factor in shaping the 
benthic community in the low to mid rocky intertidal areas (Ojeda & Munoz 1999). 
This study provides evidence that blennies, by removing large quantities of EAM 
from the substratum, are also important grazers in a sub-tropical coral reef system of 
the Great Barrier Reef 
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Chapter 4: Density and Biomass offish grazers on Heron Island Reef 
Flat 
Introduction 
Algae on coral reefs are very low in biomass but high in productivity (Choat 1991). It 
has been stated that coral reefs are one of the most productive ecosystems on earth, 
with primary production growth rates that far exceed most other terrestrial or marine 
systems. These high growth rates are linked to high predation rates. Studies have 
shown that 20 - 100% of total daily algal production is consumed by herbivores 
(Hatcher 1981, 1983, Klumpp & McKinnon 1989, Polunin & Klumpp 1992). 
Algae survive high predation rates in three different ways; they avoid, deter or tolerate 
grazing pressure (Littler & Littler 1980, Hay 1991). They avoid predation by growdng 
at inaccessible depths or zones (Van den Hoek et al. 1978, McCook 1997), within 
territories of territorial fish (such as damsel fish, which actively protect it) (Lassuy 
1980, Montgomery 1980, Russ 1987), by growing on or beside unpalatable organisms 
(Littler & Littler 1980) or by being visually cryptic (Brock 1979). They deter grazing 
pressure through structural deterrents such as spines and calcification (Littier & Littler 
1980, Cribb 1985, Lewis 1985, Paul et al. 1990), morphological deterrents such as 
growth forms (Littler et al. 1983) and via chemical deterrents, which have some sort 
of physiological effect on the predator, from noxins, which make the algae 
unpalatable, to toxins, which reduce survivabilit>', growth or reproductive output of 
the predator (Rosenburg & Ramus 1982, Hay & Fenical 1988, Irelan & Hom 1991, 
Hay 1991, Thacker et al. 1997). The final way that algae on coral reef systems deal 
with the high grazing levels is through tolerance (Littler & Littler 1980, Choat 1991). 
Tolerance is one of the most common adaptations to grazing pressure adapted by 
algae on coral reefs (Littler & Littler 1980). This mechanism to cope v^th high 
grazing pressure involves low biomass and high productivity of algae on coral reefs. 
Primary productivity of the turf-based, epilithic algal community has been estimated 
at between 100 to 300 g AFDWm"^ per day (AFDW = ash free dry weight) depending 
on the zone and the season (Hatcher 1981). This is substantially greater than most 
other terrestrial and marine ecosystems (Choat 1991). The majority of grazing fish 
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families feed on the epilithic algal matiix (EAM), which is an algal turf-based matiix 
(Choat 1991). EAM survives high predation rates by tolerating grazing by increasing 
its productivity via rapid growth rates, overwhelming any grazing pressure that may 
be placed upon it (Littler & Littler 1980). Algae that use this strategy have basal 
portions that are protected from predation and they often use herbivores as a vector to 
spread viable propagules to new locations (Littler & Littler 1980). 
The use made by grazers of this high primary productivity would appear adaptive, but 
there are many problems associated with being a grazer in coral reef systems. 
Although the food is relatively abundant, its structural components (i.e. cellulose) 
cannot be easily broken down into simple sugars that can be assimilated without the 
aid of symbiotic bacteria in the gut (Hom 1989). Also algae are very low in nitrogen 
and protein, which means that a grazer must eat a greater relative amount (up to 10 
times more) to obtain the required amount of these nutrients into their diet (Lobel 
1980, Hatcher 1981). There is a fine balance between the output of energy required in 
finding and consuming algae relative to the input of energy from the algae consumed 
(Steneck 1983). It has been hypothesized that this decreased level of nutrient 
availability in algae has place evolutionary pressure on the vast majority of reef fish to 
become camivores (Steneck 1983). Studies have estimated that up to 83%) of the reef 
fish in tropical systems feed on animal tissue (including zooplankton) of one type or 
another as their primary source of nutrition (Jones et al. 1991). Of the 93-recorded 
families of bony fishes that inhabit the Great Barrier Reef and the Coral Sea (Randall 
et al. 1997) only five families have been classified as grazers of primary production in 
tropical coral reef communities (Latitudes from 0°S to 25°S) (Choat 1991). These are 
Pomacentridae, Scaridae, Siganidae, Acanthuridae, and Blenniidae (Nursall 1981, 
Roberts 1987, Hom 1989, Choat 1991, Townsend & Tibbetts in press). While, the 
families Kyphosidae and Girellidae are the dominate browsers at higher latitudes 
(30°S to 40°S) (Choat 1991).This is a surprisingly few number of families considering 
the high productivity of algae associated with coral reefs and the purported importance 
of the guild. 
The aim of this study is to compare the density of five families of grazing fish, 
Pomacentridae, Blermiidae, Scaridae, Siganidae and Acanthuridae on the inner and 
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outer reef flat of Heron Island reef Within each of these families, this study aims to 
compare and contrast tiie biomass and density of the following representative species 
which are investigated more closely in proceeding chapters: Pomacentrus wardi 
Whitiey, 1927 (family Pomacentridae), Salarius fasciatus (Bloch, 1786) (family 
Blenniidae), Chlorurus sordidus (Forsskal, 1775) (family Scaridae), Siganus Uneatus 
(Valenciennes, 1835) (family Siganidae) and Ctenochaetus striatus (Quoy & 
Gaimard, 1825) (family Acantiiuridae) (Randall et al. 1997). 
Methods and Materials 
'y 
Grazer densities were estimated by conducting twenty-four 50m x 2m (100 m ) belt 
transects by snorkel on the south inner and outer reef flat Heron Island reef during 
autumn (April - May). The transect width of two metres was chosen based upon the 
number of species recorded and the time required to record the data, as recommended 
by Bellwood & Alcala (1988). As fish are susceptible to disturbance, a 10 minute 
acclimation period was allowed between laying the tiansect and collecting data. 
Numbers and estimated total lengths (+/- 5 mm) of Pomacentrus wardi, Salarius 
fasciatus, Chlorurus sordidus, Siganus Uneatus and Ctenochaetus striatus were 
recorded. Numbers of individuals within the families Scaridae, Siganidae, 
Pomacentridae, Blermiidae and Acanthuridae were also recorded for each belt 
transect. Animals less than 10 mm total lengths were not included in the survey due to 
the difficulty in observing them. A minimum of 20 min was spent surveying each belt 
tiansect, as recommended by St. John et al. (1990). 
Estimated mass for each species was calculated using the following regression 
formulae derived from length mass relationships (Appendix 1). 
Pomacentrus wardi 
In mass (g) = 2.84 (In total lengtii (mm)) - 10.00 (4.1) 
(r^  = 0.93, n = 108) 
Salarius fasciatus 
In mass (g) = 2.82 (In total length (mm)) - 10.48 (4.2) 
(r^  = 0.96, n = 107) 
Chlorurus sordidus 
In mass (g) = 3.12 (In total lengtii (mm)) -11.39 (4.3) 
(r^  = 0.99, n=92) 
Siganus Uneatus 
In mass (g) = 2.69 (In total length (mm)) - 9.25 (4.4) 
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(f = 0.84, n=82) 
Ctenochaetus striatus 
In mass (g) = 3.08 (In total length (mm)) -11.36 (4.5) 
(? = 0.98, n=76) 
The middle total length per size category was used (e.g., 0-50 mm category would be 
25 mm), substituted into the above formulae (4.1 to 4.5), multiplied by the number of 
individuals found in each category and then summed to calculate the biomass for each 
species per 100 m^ tiansect. These figures were then used to calculate mean biomass 
for each species and used in the statistical analysis. 
Statistics 
Statistical tests were run using the statistical software package JMPIN version 4 (SAS 
Institute Inc.). Due to the large number of zeros and constantly heteroscedastic data, 
the data were analysed using the non-parametric procedure, Wilcoxon/Kruskal -
Wallis Test (Rank sums) (Sokal & Rohlf 1995). Means comparisons for all pairs were 
performed using the a posteriori Tukey-Kramer HSD test (Sail & Lehman 1996). 
Standard error terms for the proportion of species per family were estimated as the 
sum of the relative uncertainties (propagation of error) (Parratt 1966; A. Wiegand 
pers. com.). 
Results 
Family numbers 
There was no significant difference in the mean number for each of the families 
between zones (Prob> %^  >0.05 for all families). There was however, a significant 
difference in the number of families between the inner reef flat (j^ 35.60, df 4, Prob> 
%^  <0.0001) and the outer reef flat (x^  36.32, df 4, Prob> x^  <0.0001). Pomacentrids 
were significantly more abundant relative to all other families on both the inner and 
outer reef flats (Table 4.1). The number of fish from the other four families was not 
significantly different from one another (Table 4.1). Pomacentridae was the dominant 
family in both the irmer and outer reef flats (Figure 4.1). 
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Table 4.1: Results of the Tukey-Kramer HSD tests comparing the mean abundance of 
the five families investigated within the irmer and outer reef flats. ** = shows 
pairs of means that are significantly different, ns = pairs of means that are not 
significantly different from one another. 
Abundance 
Inner RF 
Acanthuridae Blenniidae Pomacentridae Scaridae Siganidae 
Acanthuridae 
Blenniidae 
Pomacentridae 
Scaridae 
Siganidae 
ns 
ns 
** 
ns 
ns 
ns 
ns 
** 
ns 
ns 
** 
** 
ns 
** 
** 
ns 
ns 
** 
ns 
ns 
ns 
ns 
** 
ns 
ns 
Abundance 
Outer RF Acanthuridae Blenniidae Pomacentridae Scaridae Siganidae 
Acanthuridae 
Blenniidae 
Pomacentridae 
Scaridae 
Siganidae 
ns 
ns 
ns 
ns 
ns 
ns 
** 
ns 
ns 
* * 
ns 
** 
ns 
ns 
** 
ns 
ns 
ns 
ns 
ns 
ns 
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Figure 4.1: Mean number (fish 100 m"^ ) of the five families of herbivorous fish 
investigated (Note: figures include the five representative species C. sordidus, 
C striatus, P. wardi, S. fasciatus and S. Uneatus) (+/- S.E.). 
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Average estimated total lengths 
The five species found on the reef flat varied significantly in estimated total lengths 
(X^  29.33, df 4, Prob> -^ <0.0001). Pomacentrus wardi and 5". fasciatus were 
significantly smaller than C sordidus, while S. Uneatus was significantly longer than 
P. wardi (Table 4.2). All the other species were not significantly longer than one 
another (Table 4.2). Siganus Uneatus, C sordidus and C. striatus were the longest of 
the three species studied, while P. wardi and S. fasciatus were the smallest (Figure 
4.2). 
Table 4.2: Results of the Tukey-Kramer HSD test comparing estimated total lengths 
of the five species investigated all zones combined. ** == shows pairs of means 
that are significantly different, ns = pairs of means that are not significantly 
different from one another. 
All zones C sordidus C striatus P. wardi S. fasciatus S. Uneatus 
C sordidus 
C striatus 
P. wardi 
S. fasciatus 
S. Uneatus 
ns 
ns 
** 
** 
ns 
ns 
ns 
ns 
ns 
ns 
** 
ns 
ns 
ns 
ie'k 
ie-k 
ns 
ns 
ns 
ns 
ns 
ns 
** 
ns 
ns 
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Figure 4.2: Mean estimated total lengths (mm) for the five species investigated over 
the entire reef flat (inner and outer combined) (+/- S.E.). 
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Species abundance 
There was no statistical difference in the abundance of each of the species between 
zones (Prob> i >0.05 for all). There was, however a significant difference in the 
abundance between species for tiie inner reef flat {£ 30.79, df 4, Prob> x^  <0.0001) 
and tiie outer reef flat {^ 11.^%, df 4, Prob> i <0.0001). On tiie inner reef flat, P. 
wardi had a significantly greater abundance relative to C sordidus, C striatus and S. 
Uneatus, while S. fasciatus had a greater abundance relative to C. striatus (Table 4.3). 
No other significant differences in species abtmdance were observed (Table 4.3). On 
the outer reef flat, the abundance of P. wardi was greater than all the other four 
species, while no significant differences were observed in the abundances of the other 
species (Table 4.3). 
Table 4.3: Results of the Tukey-Kramer HSD tests comparing abundance of the five 
species investigated -within the inner and outer reef flats. ** - shows pairs of 
means that are significantly different, ns = pairs of means that are not 
significantly different from one another. 
Abundance Q sordidus C striatus P. wardi S. fasciatus S. Uneatus 
Irmer RF 
C. sordidus 
C striatus 
P. wardi 
S. fasciatus 
S. Uneatus 
ns 
ns 
** 
ns 
ns 
ns 
ns 
** 
** 
ns 
*A 
** 
ns 
ns 
** 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
* * 
ns 
ns 
Abundance 
Outer RF 
C. sordidus C striatus P. wardi S. fasciatus S. Uneatus 
C. sordidus 
C. striatus 
P. wardi 
S. fasciatus 
S. Uneatus 
ns 
ns 
** 
ns 
ns 
ns 
ns 
** 
ns 
ns 
** 
** 
ns 
** 
** 
ns 
ns 
** 
ns 
ns 
ns 
ns 
** 
ns 
ns 
Numerically, Pomacentrus wardi was the dominant fish found on both the irmer and 
outer reef flats (Figure 4.3). Second was S. fasciatus Avith values ranging from 4.42 to 
5.5 animals 100 m" . No C. striatus were recorded on the inner reef flat and very few 
S. Uneatus recorded on the outer reef flat (0.05 animals 100 m'^) (Figure 4.3). Despite 
their numerical dominance, both P. wardi and S. fasciatus are much smaller fish 
relative to the other three species. To get a true indication of the role of these two 
species on Heron Island's reef flat, the biomass of all five species must be compared. 
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Species biomass 
No statistical difference in the biomass of each species was found between the inner 
and outer reef flat (Prob> x^  >0.05 for all). There was, however, a significant 
difference between the biomass of the five species within the inner reef flat (x^  25.98, 
df 4, Prob> i <0.0001) and the outer reef flat {^ l\.l^, df 4, Prob> -^ 0.0003). 
Pomacentrus wardi and S. fasciatus had a significantly greater mean biomass relative 
to C striatus on the inner reef flat (Table 4.4). There was no significant difference in 
biomass between the remaining species investigated in this zone (Table 4.4). 
On the outer reef flat P. wardi had a significantly greater biomass relative to C 
striatus and S. Uneatus, while there was no significant difference found between any 
of the other species (Table 4.4). 
• InnerRF 
• OuterRF 
Chlorurus Ctenochaetus Pomacentrus Salarius Siganus 
sordidus striatus wardi fasciatus Uneatus 
--2\ Figure 4.3: Mean abundance (fish 100 m") of the five species offish investigated on 
the irmer and outer reef flat (+/- S.E.). 
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Table 4.4: Results of the Tukey-Kramer HSD tests comparing biomass of the five 
species investigated within the inner and outer reef flats. ** = shows pairs of 
means that are significantiy different, ns = pairs of means that are not 
significantly different from one another. 
Biomass 
Inner RF 
C sordidus C striatus P. wardi S. fasciatus S. Uneatus 
C. sordidus 
C striatus 
P. wardi 
S. fasciatus 
S. Uneatus 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
** 
A* 
ns 
ns 
A* 
ns 
ns 
ns 
ns 
** 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
Biomass 
OuterRF 
C. sordidus C striatus P. wardi S. fasciatus S. Uneatus 
C sordidus 
C striatus 
P. wardi 
S. fasciatus 
S. Uneatus 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
** 
ns 
ns 
ns 
*A 
ns 
ns 
** 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
** 
ns 
ns 
Despite their smaller mean sizes (Figure 4.2), the biomass of P. wardi and S. fasciatus 
was equal to or greater than all of the other larger species of fish investigated on both 
the inner and outer reef flats (Table 4.4, Figure 4.4). 
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Figure 4.4: Mean biomass (g 100 m'^) for the five species investigated within the 
inner and outer reef flats (+/- S.E.). 
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Relative abundance of each species compared to total numbers of each family 
The representative species chosen from each family represented from 24% to 75% of 
all the individuals recorded within that family across the entire reef flat (Figure 4.5). 
Of the very few acanthurids that were recorded on the inner reef flat, none were C. 
striatus. Conversely, all of the siganids that were recorded on the inner reef flat were 
S. lineatus. Of the blennies, Salarias fasciatus represented over 70% of all the species 
found within this family for both the inner and outer reef flats. 
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Figure 4.5: Mean percentage of abundance of representative species C. striatus, S. 
fasciatus, P. wardi, C. sordius and S. lineatus relative to their corresponding 
family. (Note family totals include figures for target species). (+/- S.E.). 
Discussion 
Pomacentridae was the most dominant grazing family of the five families 
investigated. This dominance has been reported previously on Heron Island reef flat 
(O'Connell 1993). O'Connell (1993) reported mean pomacentrid densities during 
autumn (the same season as surveys taken during this study) of 19 fish 100 m"^ , which 
is comparable to the abundance estimates from the entire reef flat in this study (28 fish 
100 m'^  (+/- 5)). Abundance estimates for Acanthuridae, Scaridae and Siganidae were 
also comparable to those found in other studies (Table 4.5). 
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Density estimates of Blenniidae were lower than those previously recorded 
(To-wnsend 1995) (Table 4.5). This may be explained by tiie cryptic nature of the 
family and the difficulties in surveying them simultaneously with larger more visually 
dominate species. Large, diumally active species have been shown to be relatively 
well censused with visual censusing methods, while cryptic species are often 
underestimated (Brock 1982). Accuracy of the census is dependent on the proficiency 
of the investigator, as well as the knowledge of the behavioural characteristics of the 
species being censused (Brock 1982). The difficulty of visually surveying blennies 
while surveying larger fish has been highlighted by past studies, as combtoothed 
blermies are both easily disturbed and cryptic (Brock 1982, Roberts 1987, St. John et 
al. 1990, To-wnsend & Tibbetts 2000). Detailed estimates of accuracy for density, size 
structure and biomass of Salarias fasciatus found that, at best, an accuracy of only 70-
80% could be achieved (St. John et al. 1991). The present study then can only be used 
as an estimate of minimum abundance for this family. 
Table 4.5: Abimdance of herbivorous fish families found on reef flat areas across 
Heron Island and Apo reefs compared to figures from this study (+/- S.E.). 
Family 
Acanthuridae 
Blermiidae 
Pomacentridae 
Scaridae 
Siganidae 
Abundance 100 m" 
2.1 (+/-1) 
0.5 (+/- 0.3) 
18(+/-6.2) 
6.7 (+/- 0.9) 
19(+/-2) 
28 (+/- 5) 
l l (+/-2) 
6.3 (+/- 0.7) 
7.7 (+/- 3.2) 
0.7 (+/- 0.3) 
1.6(+/-0.6) 
Reef 
Heron Island 
Heron Island 
Heron Island 
Heron Island 
Heron Island 
Heron Island 
Heron Island 
Apo Reef, 
Philippines 
Heron Island 
Heron Island 
Heron Island 
Reference 
(O'Connell 1993) 
This study 
(Townsend 1995) 
This study 
(O'Connell 1993) 
This study 
(O'Connell 1993) 
(Bellwood & Alcala 
1988) 
This study 
(O'Connell 1993) 
This study 
The species chosen as representatives were all relatively common in regards to 
abundance of other members of their families, representing between 25 and 75% of all 
individuals. Of the five species investigated, the two smallest, P. wardi and S. 
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fasciatus, were the most numerically dominant species found on the reef flat. Klumpp 
& Polunin (1990) reported that the reef flat of Davies Reef was also dominated by a 
pomacentrid P. flavicauda^ and the jewelled blenny, S. fasciatus. Both P. wardi and S. 
fasciatus are territorial and do not move great distances away from their home sites 
(To-wnsend & Tibbetts in press). Their small size makes it possible for both species to 
stay on the reef flat during low tide, while the larger C. striatus, S. Uneatus and C. 
sordidus are only present on the reef flat during mid to high tides (pers. obs.). The 
pair-forming C. striatus was not recorded on the irmer reef flat during this study, only 
on the outer reef flat. This distribution has been previously observed for the 
acanthurid^. Uneatus on Davies reef (Klumpp & Polimin 1990). 
Both Scarus sordidus and S. Uneatus exhibit schooling and roving behaviour (Hom 
1989, Choat 1991). This aggregated distribution is reflected in the increased variation 
in the estimates of both abundance and biomass for these two species (Begon et al. 
1990). So despite their larger body size, they are not significantly different in biomass 
from the smaller P. wardi and S. fasciatus. The large bodied C. striatus on the other 
hand, had a significantly lower biomass than both P. wardi and S. fasciatus. The 
grazing pressure exerted by each of these species is invested further in the folio-wing 
chapters. 
^ Pomacentrus flavicauda has since been renamed to Pomacentrus chrysurus Cuvier, 1830 (Randall JE, 
Allen GR, Steene RC (1997) The Complete Diver's and Fisherman's Guide to Fishes of the Great 
Barrier Reef and Coral Sea, Vol. Crawford House Publishing Pty Ltd, Bathurst). 
^ Scarus sordidus has since been renamed to Chlorurus sordidus (Forsskal, 1775) (Ibid., Vol.). 
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Chapter 5: Morphological adaptations of five species offish that 
consume epilithic algae matrix (EAM) on Heron Island Reef 
(Submitted to Marine Ecology Progress Series) 
Introduction 
Ecosystems are shaped by competition for food resources (Hatcher 1981, Glynn 
1990). For example, tiie territorial farming behaviour of some pomacentirids has been 
sho-wn to dramatically affect the composition of benthic invertebrate and algal 
communities in coral reef systems (Kaufinan 1977, Ogden & Lobel 1978, Lassuy 
1980, Lobel 1980, Montgomery 1980, Hinds & Ballantine 1987). Fish compete for 
resources in many different ways. They may guard territories, swamp territorial 
defences by acting/foraging in roving schools or change a resource so it is unpalatable 
to other species (Hom 1989, Choat & Clements 1998). They can also change tiie food 
resource through tiie addition of nutrients through tiie deposition of faeces (Choat 
1991, Polunin etal. 1995). 
The principal resource competed for by herbivorous coral reef fish has been identified 
as the epilithic algal matrix (EAM) (Hom 1989, Wilson & Bellwood 1997, Choat & 
Clements 1998). EAM consists of a turf, composed of a mixed species assemblage of 
algae that are less than 1 cm in height, plus associated sediment, defritus, 
phytoplankton, and meiofauna within its complex structure (Cribb 1966, Littler & 
Littler 1980, Cribb & Cribb 1985, Wilson & Bellwood 1997). In coral reef systems 
the majority of herbivorous grazers are thought to feed nonselectively on these mixed 
algal ttirf assemblages (Hom 1989, Choat 1991, Choat & Clements 1998). 
If the majority of herbivorous fish feed on the same resources do they differentiate this 
trophic "niche", as only one species is thought to fill a niche at a time (Begon et al. 
1990)? Animals can compete for available resources directly through aggression and 
territoriality or indirectly through spatial, temporal, morphological or physiological 
adaptations (Begon et al. 1990). Many studies have investigated competition resulting 
from aggression, territoriality, spatial and temporal separation (Sammarco & Carleton 
1981, Wellington 1982, Zeller 1988, Polunin & Klumpp 1989, Hixon & Brostoff 
1996), but few have addressed morphological and physiological adaptations as a 
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source of niche differentiation between groups in coral reef systems (Polimin et al. 
(1995) being an exception). 
It has been argued that there are very few exclusively "herbivorous" fishes in coral 
reef systems due to the relatively complex, indigestible and constantly changing multi-
species assemblages on which most coral reef fish feed (Bellwood & Choat 1990, 
Wilson & Bellwood 1997, Wilson 2000, 2002). Many fish tiiat have been identified as 
herbivores, have altematively been categorised as omnivores or detritivores (Hom 
1989) or undergo a trophic shift from an animal-based diet as juveniles to a plant-
based diet as adults (Choat 1991). Fishes have been categorised into various trophic 
levels based on Al-Hussaini (1947) relative gut length (RGL) method. The ratio of 
total length to gut length has been used as an indicator of trophic status (Al-Hussaini 
1947). Herbivores are thought to require longer guts relative to planktivores, 
camivores and omnivores to maximise the absorption potential from low quality algal 
food sources (Al-Hussaini 1947). The increased gut length of herbivores is reflected in 
the increased RGL figures, with herbivores reportedly having a RGL of between 3.7 
and 6.0 (Al-Hussaini 1947). 
Herbivores can be categorised as either browsers or grazers (Jones 1968, Hom 1989). 
Grazers are defined as non-selective feeders that ingest inorganic substratum while 
feeding by scraping or sucking turf algae, whereas browsers are selective feeders that 
bite or tear at macroalgae and rarely ingest inorganic material (Jones 1968). The fish 
in the present study were categorised as either grazers or browsers based on the 
comparison of the biochemical composition of the EAM vs. that of the foregut 
contents of each of the five species. 
Hom (1989) proposed four types of marine herbivorous fish based on characteristics 
of the alimentary canals: I, Thin-walled, highly acidic stomach with long intestine; II, 
Thick walled, gizzard-like stomach with long intestine; III, Pharyngeal mill, no 
stomach with a moderately long intestine; and IV, Hind gut caecum for fermentation 
and a long intestine. Functional consequences of each of the different alimentary 
canals include differences in relative ingestion rates, nutrient absorption efficiency, 
and/or food processing abilities. For example. Type III grazers with their straight gut 
are adapted to feed non-selectively on the abundant low-quality food source in which 
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rapid and constant filling of the gut is important for maximizing nutrient acquisition 
(Harmelin-Vivien et al. 1992, Polunin et al. 1995). Altematively, Type I grazers feed 
less frequently and are more selective; firstly to reduce the amount of calcium 
carbonate they ingest (which interferes vdth acid digestion) and secondly to allow 
increased time for acid hydrolysis to occur (Lobel 1981). The alimentary canal type 
was determined for each species in this study using measured morphological 
characteristics and dietary observations. 
Finally, the total assimilation efficiency was investigated. A variation of the indirect 
ash marker metiiod was used (Targett & Targett 1990), which although it has been 
criticised for underestimating assimilation efficiencies, remains usefiil for 
comparative studies (Bmggemann et al. 1994). The relationship between gut 
morphology, ingestion rate and assimilation efficiency was investigated. 
The present study compares five species of herbivorous fish that are common on 
Heron Island Reef, and appear to share a common food resource, EAM and 
investigates the morphological adaptations that might reduce direct competition 
between the five species. The following questions were asked 1) Do all five species 
actually feed principally on EAM? This question was addressed by direct observations 
of the bite rates and food/substrate choices of the five species in the field. 2) Do they 
all possess typical characteristics of herbivorous fish? This was answered through 
general morphological measurements and observations such as size, shape and 
dentition and compared with Choat (1991). 3) To what extent can alimentary 
specialization explain differences and similarities between resource utilization? 
Although two of the species (C. striatus and C. sordidus) have been investigated 
previously (Choat 1991, Polunin et al. 1995), it is important given apparent 
phenotypic plasticity in alimentary systems of fishes (Bellwood 1988, Choat 1991) to 
assess them from Heron Island reef 
The aim of this study was to determine if herbivores that appear to all feed on the 
same resource reduce direct competition tiirough morphological differentiation. This 
was addressed by comparing the morphological adaptations and assimilation 
efficiencies exhibited by five common grazing fish of Heron Island reef that feed on 
EAM. 
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Methods and Materials 
The study took place at Heron Island Reef (23 27'S, 151 55'E), a platform reef in the 
Capricom Bunker group at the southem end of the Great Barrier Reef, from June 1997 
to July 2000 (Figure 5.1). 
^Ofi 
^i 
'^^ 
A B maikei_ ^ 
^ • i ^ ^ S S i " Heron Island Reef ' <_\^> jfj 
Fisli collection area 
Algae collection area 
Fish siuvey area HH 
Figure 5.1: Study site and collection areas on Heron Island reef 
The fish species observed in this study were Ward's damselfish Pomacentrus wardi 
Whitiey, 1927, the jewelled blermy Salarius fasciatus (Bloch, 1786), the surf parrot 
fish Chlorurus sordidus (Forsskal, 1775), the goldlined rabbitfish Siganus Uneatus 
(Valenciennes, 1835) and the lined surgeon fish Ctenochaetus striatus (Quoy & 
Gaimard, 1825). These species are common on the reef flat, rim and slope of Heron 
Island Reef (Russell 1983, Townsend & Tibbetts 2000) and have been previously 
recorded (Hom 1989, Polunin et al. 1995, Randall et al. 1997, Townsend & Tibbetts 
in press) and observed feeding on the epilithic algae matrix (EAM) (pers. obs.). 
Resource utilization 
Bite rate observations were taken randomly on the reef flat, reef rim and reef slope of 
Heron Island Reef A minimum of five individuals of each species were observed per 
hour from 0600 h to 1800 h, for four seasons (Spring - August to October, Summer -
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November to January, Winter - May to July and Autumn - Febmary to April) over the 
three-year period. During bite rate observations, fish were given ten min to acclimate 
to the observer. Each fish was observed for between 10 and 20 min and the following 
observations recorded: species, start and finish time, estimate of total length (+/- 5 
mm), number of bites taken, and substrate from which tiie bite was taken. Substrate 
types included: EAM, macroalgae, hard coral, soft coral, sand, plankton, fish faeces 
and "other". The percentage of bites taken from each food resource for each species 
was calculated by dividing the number of bites taken from each food resource by the 
total number of bites taken by each species and multiplied by 100. 
EAM collection 
Samples of EAM were obtained by scraping large pieces of dead coral mbble or loose 
beach rock located on the irmer reef flat (Figure 5.1) with a fixed blade scalpel. The 
same piece of rock was never sampled twice during the collection period (earlier 
scraping activity could be easily identified). Five independent (each collected from 
separate pieces of mbble) 5 ml EAM samples were collected during the time at which 
it was determined that the guts were full in the five species of fish studied (between 
0800 h and 1100 h). Tubes (5 ml) containing the EAM sample were covered in 
aluminium foil and immediately place on ice in a darkened container. 
Material removed from EAM samples prior to analysis included large invertebrates 
such as snails and crabs. The entire remaining EAM including detritus, a potentially 
important component (Wilson & Bellwood 1997, Wilson 2002), was included in all 
analyses. 
In tiie laboratory, each EAM sample was blotted dry, weighed (+/- 0.001 g) and then 
placed into a Labro Selbys Lab SEM drying oven on labelled aluminium plates to dry 
for 24 to 48 h at 60°C. Dried samples were then weighed using a Sartorius BP210s 
scale (+/- 0.0001 g), ground with a mortar and pestie and stored in labelled airtight 5 
ml containers. These were stored in larger containers equipped with silicone drying 
bags to ensure that the samples did not absorb moisture. This dried EAM material was 
used to determine calcium carbonate, organic carbon, % nitrogen, total carbon and 
C:N ratios. 
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Fish capture 
A minimum of four individuals of each species was captured each hour between 0600 
h and 1000 h for four seasons on Heron Island reef flat and rim (Figure 5.1). Animals 
were captured using four techniques: hand held anaesthetic (a mixture of 50 ml of 
clove oil, 50 ml ethanol and 400 ml of sea water in a 500 ml pump spray bottle), seine 
net, fine meshed barrier net and Hawaiian sling (Table 5.1). When the Hawaiian sling 
was used, care was taken to prevent hitting the gut. Fish in which the gut was pierced 
by the Hawaiian sling (less than 0.5% of the total animals captured via this method) 
were used only for morphological measurements and their gut contents were not 
included in the analysis. For all techniques, fish were pithed immediately upon capture 
and placed in marked individual scalable plastic bags and placed in a catch bag. On 
returning to Heron Island Research Station, animals in individual marked plastic bags 
were stored in a chest freezer (-25°C). 
Table 5.1: Methods of capture of the five species of herbivorous fishes collected from 
Heron Island reef 
Species 
Pomacentrus wardi 
Salarius fasciatus 
Chlorurus sordidus 
Siganus Uneatus 
Ctenochaetus striatus 
Method of capture 
Clove oil 
Yes 
Yes 
No 
No 
No 
Barrier net 
Yes 
No 
Yes 
Yes 
Yes 
Seine net 
No 
No 
No 
Yes 
No 
Hawaiian sling 
Yes 
Yes 
Yes 
Yes 
Yes 
Dissections 
Prior to dissection, fish were defrosted at room temperature, blotted dry and then 
weighed using a Sartorius BP2100s balance (+/- 0.01 g). The entire gut was excised, 
carefully unravelled and the following observations made (+/- 1 mm): total length, 
standard length, body depth, head length (from snout to edge of operculum), gape 
(expressed as length of maxilla (Choat 1991)) gut length and sex. General 
observations were noted along with morphological/anatomical measurements for each 
fish. Gut pH was measured using Macherey, Nagel and Co. pH paper, first with broad 
range paper (ph 1 to 11) and then repeated with narrow range paper based on initial 
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readings. Parasites found within study animals were identified by Associate Professor 
Thomas Cribb from tiie Microbiology and Parasitology Department of the University 
of Queensland. 
A Nikon F601 was used to photograph representative fish from each species with guts 
dissected out. Close up images using a macro set up were taken of particular features 
(e.g., caecae, muscular stomach). Scale drawings were made from these photographs. 
Guts were divided into three portions, foregut, intestine and rectum (Figure 5.2). 
Contents were squeezed out of each section, placed into marked pre-weighed 
aluminium trays and weighed using a Sartorius BP210s (+/- 0.0001 g). Samples were 
then dried in a Labro Selbys Lab SEM drying oven for at least 24 hours at 60°C and 
weighed (+/- 0.0001 g). Dried samples were then ground with a mortar and pestle and 
stored in labelled airtight 5 ml containers, which themselves were stored in larger 
containers equipped with silicone drying bags to ensure that the samples did not 
absorb moisture. Each sample was divided into four equal parts and analysed for 
AFDW/organic carbon, calcium carbonate, and total nitrogen and C:N content. Total 
assimilation efficiency for each species was calculated from these values. 
S. fasciatus / C sordidus 
Figure 5.2: Illusti-ation of the division of Salarias fasciatus, Chlorurus sordidus, 
Siganus Uneatus, Ctenochaetus striatus and Pomacentrus wardi guts into three 
portions: foregut (F), intestine (I) and rectum (R). Diagonal lines indicate 
where divisions were made. Black and white scales = 5 cm. 
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Gut fullness was standardized for different sized fish using a gut contents index (GCI) 
derived by dividing the dry mass of the total gut contents (mg) (oesophagus to rectum) 
by the blotted wet mass of the fish (g) (Klumpp & Polunin 1989). 
Percent Ash and Organic Carbon Estimates 
Pre weighed, dried, ground gut and EAM samples were placed into pre-weighed 
labelled ashing cmcibles. Samples were placed into a Lenton CAL 8000 Kiln and 
ashed for 6 hours at 600°C. Samples were allowed to cool and weighed using a 
Sartorius BP210s (+/- 0.0001 g). The proportion of ash (% Ash) for each section of 
the gut and EAM sample was calculated using the following relationship: 
% Ash = ((Mc+a) / (Mb + Mc)) X 100% (4.1) 
Where: Mb = mass of dried sample before ashing, Mc = mass of cmcible before ashing 
and Mc+a = the mass of the cmcible plus the ash. 
Proportion of organic carbon for each portion of the gut was calculated using the 
following formula: 
% Org C = 100 - % Ash (4.2) 
Calcium carbonate analysis 
Calcium carbonate analysis was based on advice from University of Queensland 
geologist Professor John Jell (pers. com. 1998). To test for calcium carbonate content, 
0.15 to 0.2 g (+/- 0.0001 g) of pre-weighed dried ground gut content and EAM sample 
was placed into a 50 ml beaker. Approximately 25 to 50 ml of 10% HCl was added 
until effervescence stopped, indicating all the calcium carbonate had dissolved. Glass 
filter papers were weighed using a Sartorius BP210s balance (+/- 0.0001 g) and placed 
on labelled trays. Samples were filtered through pre-weighed glass filter papers using 
a manifold and vacuum pump. Papers containing remaining sample were dried in an 
oven at 60 °C for 24 hours and weighed (+/- 0.0001 g). 
Proportion of calcium carbonate in the sample was calculated using the following 
equation: 
%CaC03 = 1 - ((Mb + Mft) - (Mf+sa)) / (Mb + Mfb) (4.3) 
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Where: Mb = mass of dried sample before addition of HCl, Mfb = mass of filter 
before sample was filtered and Mf = mass of filter and sample after being dissolved in 
HCl and dried in an oven. 
To correct for any loss of material during processing, standards were created by 
plotting a regression formula of the ratio of known CaCOs to silicon (which is not 
dissolved by HCl) to the measured ratio of CaCOs using tiie above technique. Six 
replicates for each of the following known percentages of CaCOa were plotted: 0, 
0.20, 0.40, 0.60, 0.80 and 1. The equation used to correct calcium carbonate values 
was: 
%CaC03 acttial = (CaCOs measured - 0.10751) / 0.86843 (4.4) 
(r^  = 0.954, n=36 (Appendix 2)) 
Total Nitrogen and C:N ratios. 
Due to financial limitations, these analyses were performed only on autumn samples 
for the five species of fish and EAM. Analysis was performed using a LECO Carbon 
Nitrogen and Sulphur (CNS) Analyser 2000. Samples were redried in an oven for a 
minimum of 4 hours at 60°C prior to weighing into sample boats. Dried samples were 
weighed (ranged from 10 mg to 2 g (+/- 0.0001 g)) and placed into weighed ceramic 
boats. The sensitivity of the CNS analyser for each component (amount per gram) was 
as follows: carbon = 20 |ig to 200 mg, nitrogen = 10 ^g to 100 mg, and sulfur = 20 i^g 
to lOOmg. 
Assimilation efficiency 
Assimilation efficiencies for each species were calculated based on two modifications 
of the method described by Targett & Targett (1990), which compares the ash content 
of fecal material found in the rectum with either the ash content of collected EAM or 
of recently ingested food (i.e., present in the foregut), using ash as a non-absorbed 
reference marker. This method avoids the potential loss of nutrients caused by 
collecting faeces from the base of a tank in which animals are held; a criticism of the 
original method (Bmggemann et al. 1994). 
The calculation used to estimate assimilation efficiency differed depending on the 
results of comparisons between the nutrient content of EAM collected from the 
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foregut contents of each of the animals and the EAM collected from the hard surface. 
For those species that had gut and field EAM nutrient estimates that were not 
statistically significantly the following formula was used. 
Total Assimilation Efficiency (%) = (1 - (% Ashre / % AshEAw)) x 100 (4.5) 
Where: % Ashre = the mean proportion ash in the rectal contents for each species of 
fish% and AshnAM = the mean proportion ash in the field EAM material. The 
assumption inherent in this method is that the EAM that had been collected from the 
field is similar to that consumed and digested by the animal and held prior to 
defecation in the rectum. 
For those that had foregut contents that were statistically significantly different from 
the nutrient content present in the field EAM, the altemative formula was used: 
Total Assimilation Efficiency (%) = (1 - (% Ashre / % AshsO) x 100 (4.6) 
Where: % Ashst = the percent ash in the foregut contents. The assumption inherent in 
this method is that the EAM that has been recently consumed by the animal (found in 
the foregut and/or oesophagus) was similar to that previously digested and assimilated 
and held in the rectum prior to defecation. 
These methods allowed estimates of assimilation efficiencies to be derived for fishes 
that possess a crop (which would affect assimilation calculations if the second formula 
was used) and those that feed selectively, (which would compromise the estimate of 
assimilation if the first formula was used, as they do not feed on the entire EAM). 
Statistics 
All data were analysed using the statistical software package JMPIN version 3.2.1 
(SAS Institute Inc.). Overall means and error terms were estimated using either 
Goodman's estimator (Travis 1982, Bellwood 1995a) or propagation of errors (Parratt 
1966). Comparisons of morphological data were performed using a bivariate plot with 
ellipses at 0.90 P (Choat 1991). Prior to running one and two-way ANOVAs, 
homogeneity was tested using a Shapiro-Wilk W statistic (Sail & Lehman 1996). 
Normality of variances was tested using the Bartlett's test. Data showing 
homogeneity, but non-normality of variances, were tested using the Welch ANOVA. 
Non-normal data were In (n+1) (for integers) or arcsin transformed (for proportions) 
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(Sokal & Rohlf 1995, Sail & Lehman 1996). Consistently heteroscedastic data were 
analysed using non-parametric procedures such as Wilcoxon/Kmskal - Wallis Test 
(Rank sums) (Sokal & Rohlf 1995) or non-parametiic multivariate procedures (NP 
ANOVA) (Sail & Lehman 1996, Anderson 2001). Means comparisons for all pairs 
were performed using the a posteriori Tukey-Kramer HSD test (Sail & Lehman 
1996). 
Results 
Resource utilization 
All five species studied fed primarily from EAM (Table 5.2), taking between 98.43% 
(C striatus) and 99.97% (C sordidus) of their bites from EAM (Table 5.2). The 
differences were made up of bites taken from fish faeces, hard coral, soft coral, water 
column and macroalgae. Both C. striatus and C. sordidus took 0.01% bites from 
faeces, C. sordidus and P. wardi took 0.02%) and 0.05% of their total bites from live 
hard coral, while C. striatus (1.36%) was the only fish observed feeding on soft coral. 
Ctenochaetus striatus (0.18%), S. fasciatus (0.29%) and S. Uneatus (1.02%) were 
observed to browse macroalgae, while both C. striatus (0.02%) and P. wardi (0.11%) 
were observed feeding from the water column. 
Table 5.2: Observed trophic resource utilization of the five fish species studied. 
Food source C. sordidus C. striatus P. wardi S. fasciatus S. Uneatus 
EAM 99.97% 98.43% 99.84% 99.71%) 98.98% 
Faeces 0.01% 0.01% 
Hard coral 0.02% 0.05% 
Macroalgae 0.18% 0.29% 1.02%) 
H20 Column 0.02% 0.11% 
Soft coral 1.36% 
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Morphometric comparisons 
Relative body shape, jaw architecture, dentition and alimentary tract morphology 
differed among the five species (Figure 5.3). Bivariate plots showed that S. fasciatus 
had the most elongate body and a larger gape to head length relative to the other four 
species (Figure 5.4). The body depth of C. sordidus was relatively greater than that of 
S. fasciatus but was still more elongate relative to the other three species. Deeper 
bodies and small gapes were characteristic of P. wardi, S. Uneatus and C. striatus 
(Figure 5.4). 
Wilcoxon / Kmskal - Wallis rank sums tests revealed that there was a significant 
difference between the standard length (x^ 389.4, DF 4, Prob> x^  <0.0001) and mass 
(jf 384.9, DF 4, Prob> x^  <0.0001) of the five species, with S Uneatus being tiie 
longest and the heaviest fish investigated and P. wardi and S. fasciatus being the 
shortest and lightest on average (Figure 5.3). 
One-way ANOVA indicated that relative gut lengths (RGL) differed significantly (F 
ratio 58.89, DF 459, p<0.0001), with S. fasciatus and C. striatus having the greatest 
RGL and C. sordidus having the lowest (Figure 5.3). 
Differences were observed in the dentition, foregut, intestine, caecae and gall bladder 
of the five species investigated (Figure 5.3). Pharyngeal teeth were possessed by all 
species with those of C sordidus being the most robust. Thin walled stomachs were 
found in P. wardi and S. Uneatus, while C. striatus had a muscular stomach and 5". 
fasciatus and C sordidus had no macroscopically distinguishable stomachs. Five to 
six small caecae were found in P. wardi and C. striatus, while S. Uneatus had five 
large caecae. Caecae were absent in both S. fasciatus and C. sordidus, which is 
consistent with the lack of a defined stomach (Hom & Ojeda 1999). Large gall 
bladders were observed in both P. wardi and S. Uneatus (Figure 5.3). 
The gut-filling rate for each species varied (Figure 5.5). In order of increasing time of 
day at which the guts were full were S. fasciatus, P. wardi and C. sordidus (0800 h), 
S Uneatus (0900 h) and C. striatus (1000 h). 
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Figure 5.4 Bivariate plots (with ellipses at 0.90 P) of structural features of 
Pomacentrus wardi, Salarius fasciatus, Chlorurus sordidus, Siganus Uneatus 
and Ctenochaetus striatus. Each point represents the ratio of standard length of 
body to body depth plotted against the ratio of head length to gape (expressed 
as length of maxilla). Increases along the head length/gape axis imply a 
smaller gape relative to head length; increases along the standard length/body 
depth imply increasing elongation of the body. 
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General observations 
Internal parasites were observed in three of the five species investigated. A tapeworm 
was found in the intestine of one P. wardi individual, while black cestode cysts were 
found in the body cavities of several others. A tongue biter isopod (Family 
Cymothoidae, Ceratothoa sp.) was found in the buccal cavity of one specimen of C. 
sordidus. The tongue of the animal had been eaten away and replaced by the isopod 
on the floor of the mouth. Two genera of nematodes were commonly found within the 
gut of S. Uneatus, with Spirocamallanus spp. found near the caecae and Gyliauchen 
spp. in the rectum. 
The peritoneal surface of the intestines of several individuals of P. wardi, S. Uneatus 
and C. striatus were observed to be covered in a layer of fatty tissue during the 
Autumn, Winter and early Spring seasons. The fatty tissue was kept separate fi-om the 
gut contents being analysed. This fatty layer was never observed on S. fasciatus or C. 
sordidus, nor was it ever observed in any of the five species during summer. 
The stomach contents of C striatus were covered in a thick mucous coat, from which 
the contents were extracted prior to processing. Shed teeth were found in the stomach 
contents of several individuals of 5. Uneatus. They were in a long strip and looked like 
thin flexible dentures. The teeth were removed from gut contents prior to processing 
of samples. 
EAM vs. foregut contents 
Significant differences were found for all four nutrients when comparing the epilithic 
algal matrix (EAM) to the foregut contents of the five species (Figure 5.6). Tukey-
Kramer HSD test indicted that P. wardi and S. Uneatus consumed significantly less 
calcium carbonate relative to that available in the EAM, while the % CaCOs in the 
foregut contents of the other three species did not differ significantly from the EAM 
(Table 5.3). The foregut contents of P. wardi, S. Uneatus and C. sordidus had an 
increased organic carbon content relative to EAM, while that of S. fasciatus and C. 
striatus were not significantly different from EAM (Figure 5.6). The proportion of 
nitrogen in the foregut contents of P. wardi and .S. Uneatus were significantiy greater 
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than that available in the EAM (Table 5.3). The otiier tiiree species had proportions 
that were not significantly different from that found in the EAM as indicated by an a 
posteriori test. Finally, all species had C:N ratios that were significantly less than that 
available in the EAM (Figure 5.6). 
Table 5.3: Results of the Tukey-Kramer HSD tests comparing EAM values to foregut 
content values of the five species of fish investigated. ** = shows pairs of 
means that are significantly different, ns = pairs of means that are not 
significantly different from one another. (>) = foregut values are significantly 
greater than those recorded for EAM, while (<) = values are significantly less. 
EAM vs. C. striatus C. sordius P. wardi S. fasciatus S. Uneatus 
CaC03 
% Org C 
%Nitrogen 
C:N ratio 
Assimilation data 
ns 
ns 
ns 
**(<) 
ns 
* * ( > ) 
ns 
** (<) 
** (>) 
* * ( > ) 
** (>) 
** (<) 
ns 
ns 
ns 
** (<) 
** (>) 
** (>) 
** (>) 
** (<) 
Calcium carbonate values of gut content samples differed among the five species. 
Non-parametric multivariate statistics revealed that there was a highly significant 
difference between the factors Species, Part of the Gut and Species*Part of gut (Table 
5.4). Tukey-Kramer HSD test indicated that S. Uneatus, C sordidus C striatus and S. 
fasciatus contained the greatest amount of ingested calcium carbonate and P. wardi 
contained the least (Figure 5.7A). Within each animal, the greatest proportion of 
calcium carbonate occurred in the foregut for C striatus, the intestine for C sordidus, 
S. fasciatus and S. Uneatus and the rectum for P. wardi (Figure 5.8A). 
Proportion of organic carbon varied significantly among the guts of the five species. 
The factors Species, Part of the Gut and Species*Part of Gut had a significant effect 
on organic carbon as indicated by non-parametric multivariate statistics (NP ANOVA) 
(Table 5.4). Tukey-Kramer HSD test indicated that P. wardi had the greatest 
proportion of organic carbon in its guts while S. fasciatus had the least (Figure 5.7B). 
Within each species, the greatest proportion of organic carbon occurred in the foreguts 
of C. sordidus and S. Uneatus, the intestine and rectum for C. striatus, and in the 
rectimi for P. wardi and S. fasciatus (Figure 5.8B). The proportion of nitrogen in the 
guts of all species was a magnitude less than the amount of organic carbon, with 
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values ranging from 1% to 6% for nitrogen and 40% to 85% for organic carbon 
(Figures 5.7B and 5.7C). 
Non-parametric multivariate statistics (NP ANOVA) revealed that there was a 
significant difference in the proportion of nitrogen found in the gut between Species, 
but no significant effect for the factor Gut Section and Species* Gut Section (Table 
5.4). Tukey-Kramer HSD test indicated that the greatest proportion of nitrogen was 
found in the gut contents of P. wardi and S. Uneatus, while the other three species 
contained the least (Figure 5.7C). The greatest variability of nitrogen content occurred 
within C. striatus (Figure 5.7C). There was no significant difference in the proportion 
of nitrogen found in each of the sections of the guts for all five species (Figure 5.8C). 
The nitrogen content in the rectum of C striatus, C sordidus and S. fasciatus and in 
the stomach contents of iS. Uneatus and C. sordidus was highly variable. 
Species had a significant effect on C:N ratios but neither gut section nor the 
interaction factor were significant, as revealed by the non-parametric multivariate 
statistics (Table 5.4). Lowest C:N ratios were found for P. wardi and S. Uneatus, 
while the greatest ratios of C:N were found for the gut contents of C. striatus, S. 
fasciatus and S. sordidus as indicated by the Tukey-Kramer HSD test (Figure 5.7D). 
No significant difference was found in the ratios of C:N between the different sections 
of the gut for any species investigated (Figure 5.8D). 
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Table 5.4: Non-parametric multivariate statistics (NP ANOVA) results for four 
nutrients across five species (C. striatus, C. sordidus, P. wardi, S. fasciatus 
and S. Uneatus) and tiiree sections of the gut (foregut, intestine and rectum). 
*** = highly significant, * = significant, ns = not significant. 
Sum of 
Nutrient Source Nparm DF F Ratio Prob>F Significance 
Squares 
CaCOs 
Organic 
Carbon 
Nitrogen 
C:N ratio 
Species 
Gut Section 
Species*Gut Section 
Species 
Gut Section 
Species* Gut Section 
Species 
Gut Section 
Species*Gut Section 
Species 
Gut Section 
Species* Gut Section 
Assimilation efficiencv 
4 
2 
8 
4 
2 
8 
4 
2 
8 
4 
8 
2 
4 
2 
8 
4 
2 
8 
4 
2 
8 
4 
8 
2 
3.185 
0.701 
0.531 
11.92 
1.01 
1.77 
138.99 
15.24 
199.43 
730.44 
26.08 
381.48 
53.50 
23.58 
4.45 
53.64 
9.17 
4.03 
3.59 
0.79 
1.54 
3.50 
0.25 
0.91 
<0.0001 
<0.0001 
<0.0001 
<0.0001 
0.0001 
0.0001 
0.0139 
0.4624 
0.1746 
0.0156 
0.7801 
0.5154 
*** 
*** 
*** 
*** 
*** 
*** 
* 
ns 
ns 
* 
ns 
ns 
Total assimilation efficiency for C. striatus and S. fasciatus were calculated using 
Formula 4.5 as the foregut contents were not significantly different from the EAM 
(Table 5.3). Total assimilation efficiency for the other three species was calculated 
using Formula 4.6 as there was a statistically significant difference between the EAM 
and foregut contents. 
Total assimilation efficiency of all five species did not vary significantiy over the four 
seasons (Wilcoxon / Kruskal - Wallis rank sums test '^ 0.75, DF 3, Prob > x^  0.8603) 
therefore data from all seasons were pooled. Significant differences were found in the 
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total assimilation efficiency among the five species tested (Wilcoxon / Kruskal -
Wallis rank sums test x^  16.47, DF 4, Prob > -^ 0.0024). Tukey-Kramer HSD test 
indicated that the greatest assimilation efficiency was that of 5. fasciatus (48.5%, +/-
4%), while the efficiencies of C. striatus (35.5%, +/- 3%), C. sordidus (29.3 %, +/-
5%), P. wardi (28.4%, +/- 8%) and S. Uneatus (27.5%, +/- 7%) were not significantly 
different from one another (Figure 5.9). 
C. striatus C. sordidus P.wardi 
Species 
S. fasciatus S. Uneatus 
Figure 5.9: Mean total assimilation efficiency (%) for the five species offish studied 
(+/- S.E.). 
Discussion 
Bite rate observations indicated that the five species of fish investigated were feeding 
from the same resource, EAM. Over 98% of all bites taken by all species was taken 
from EAM. C striatus had the most varied diet, with animals observed taking bites 
from all of the resource types except for hard coral, while S. Uneatus and S. fasciatus 
had the least varied diets, observed feeding only on EAM and macroalgae. These 
observations agree with findings from past studies (Hom 1989, Polunin et al. 1995, 
Randall et al. 1997, Townsend & Tibbetts in press). 
The five species of fish investigated varied widely in size and morphology, although 
they all exhibited classic herbivore characteristics such as blunt noses with terminal 
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mouths (Choat 1991). All species (except S. fasciatus) were high-bodied fish with 
marked lateral compression, as indicated by the standard length^ody depth ratios 
between 1.5 and 3.5, another characteristic of herbivorous fish (see Choat (1991). The 
most elongate of all the species investigated was S. fasciatus. All of the species 
investigated had head lengtii/gape ratios between 1.5 and 9, which is comparable to 
the ratios for other representatives of other grazing fish within the families 
Acanthuridae, Pomacentridae, Scaridae and Siganidae (Choat 1991). 
Relative gut lengths (R.G.L.) have been used in the past to classify fish into trophic 
categories (Al-Hussaini 1947) (Table 5.5). According to this classification, S. 
fasciatus and C. striatus are herbivores; P. wardi and C sordidus are omnivores, 
while S. Uneatus overlaps both categories (Table 5.5). It has been argued that 
pomacentrids and blennies are detritivores based on gut content analysis (Wilson & 
Bellwood 1997, Wilson 2000). Ctenochaetus striatus has been variously classified as 
an herbivore and a detritivore (Robertson & Gaines 1986, Nelson & Wilkins 1988, 
Montgomery et al. 1989). The R.G.L. for C striatus from this study (5.1) was much 
greater than that reported by Choat (1991) (3.8). As far as this author is aware, C. 
sordidus and S. Uneatus have never been identified as anything other than herbivores 
(Hom 1989, Bellwood & Choat 1990, Bellwood 1995b). Many authors highUghted 
that the categories proposed by Al-Hussaini (1947) are only guides because the ranges 
overlap considerably, making the classification of a fish by R.G.L. potentially 
misleading, as highlighted by the R.G.L. of S. Uneatus in this study (Hom 1989, 
Kramer & Bryant 1995b, a). 
Table 5.5: Placement of study species into trophic categories based on relative gut 
lengths (R.G.L.) from Al-Hussaini (1947). Note that S. Uneatus overlap 
between the omnivore and herbivore categories. 
Trophic group RGL range Species from this study 
Planktivore 
Camivores 
Omnivores 
Herbivores 
0.5 - 0.7 
0.6 - 2.4 
1.3-4.2 
3.7-6.0 
C. sordidus, P. wardi, SMneatus 
S. fasciatus, C striatus, S. Uneatus 
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Herbivorous fish can be described as either browsers or grazers (Hom 1989). This 
study provides evidence that P. wardi and S. Uneatus are browsers while C sordidus, 
S. fasciatus and C. striatus are grazers based on the comparison of nutrients found in 
the EAM relative to that found in the foregut contents. Both P. wardi and S. Uneatus 
had significantly less calcium carbonate and significantly more nitrogen, organic 
carbon and C:N ratios in their foregut contents relative to that available in the EAM, 
indicating that these two species fed selectively and get nutrients from sources other 
than EAM. This result is not surprising as P. wardi, like many other pomacentrids, 
holds a territory in which they selectively farm the algal resource (Hinds & Ballantine 
1987, Booth 1998, Townsend & Tibbetts in press). Also, it has been reported that 
siganids will selectively browse on macroalgae if they are available (Hom 1989, Paul 
et al. 1990, Pillans 1999). Unlike the other four species from the present study, 
identifiable pieces of macroalgae were occasionally observed in the gut contents ofS. 
Uneatus, providing further support for classifying this species as a browser. 
The foregut contents of other three species had calcium carbonate and nitrogen values 
that were not significantly different from the EAM, although C sordidus did have a 
slightly higher amount of organic carbon in its foregut relative to the EAM, C. striatus 
and S. fasciatus. This is most likely due to the morphology of the mouth and dentition, 
which can possibly scrape EAM from the inorganic substrate more efficiently than the 
flexible teeth of the other two species or the fixed blade scalpel used for collection 
(Bellwood & Choat 1990, Bmggemann et al. 1994, Bellwood 1995b). These results 
indicate that these three species feed non-selectively on the EAM making them 
grazers by definition. 
Caution must be taken when attempting to place animals into trophic groups based 
solely on gut contents. If an herbivore is a grazer, then it feeds non-selectively on the 
total EAM (Jones 1968). It is important to compare foregut contents ratios with those 
foimd in the food source. Wilson & Bellwood (1997) reported ratios of 55:48:2:1 for 
turf algae: detritus: sediment: meiofauna components of the EAM within the territory 
of the pomacentrid Stegastes nigricans. When the gut contents of S. nigricans were 
closely investigated, these same components, in similar ratios, were found (Wilson & 
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Bellwood 1997), from which it can be implied that it is the entire epilithic algal matrix 
that is important to grazers on coral reefs, not just the turf algae. 
All of the species feed to decrease C:N ratios. This is not surprising as nitrogen is 
usually limiting in marine environments and carbon is abimdant (Choat 1991, Choat 
& Clements 1998). The fish appear to be feeding well above required carbon levels to 
increase the nitrogen input as predicted by Hom (1989). 
Hom (1989) proposed four types of marine herbivorous fish based on morphological 
characteristics of the alimentary canals: Types I to IV. Based on these definitions, P. 
wardi and S. Uneatus fall into the Type I category, C striatus into Type II, while S. 
fasciatus and C. sordidus are Type III. Evidence for these categorizations are outlined 
below. 
Pomacentrus wardi and S. Uneatus both had thin-walled, acidic stomachs and 
relatively long intestines, indicating that they fall into the Type I category. Additional 
evidence that P. wardi and S. Uneatus are Type I herbivores is the smaller proportion 
of calcium carbonate found in the foregut and the enlarged gall bladders of both 
species. Past authors have noted that increased bile production increases the acidity of 
the gut contents, which would be particularly useful in a Type I, coral reef dwelling 
herbivore where ingested calcium carbonate sediment has a buffering effect on 
stomach secretions (Gohar & Latif 1961, Hom 1989). This need to increase acid 
production to maintain an acidic alimentary environment could possibly explain the 
enlarged gall bladders observed in both of these species. This plus the avoidance of 
excessive amounts of calcium carbonate in the diet would further facilitate acid 
digestion of algal material. Additionally, increased time is required to break down 
algal cell membranes using acid lysis (Zemke-White et al. 1999). Both P. wardi and S. 
Uneatus have relatively low estimated gut transit time of 4-5 hours, greater than S. 
fasciatus and C sordidus (3-4 hours), but less than C. striatus (> 5 hours). 
The muscular, thick-walled stomach and long intestine (as indicated by its R.G.L.) of 
C. striatus place it into the Type II category (Lobel 1981, Hom 1989). Additionally, 
the relatively large proportion of CaCOa found in the stomach relative to other 
portions of the gut and the enveloping of stomach contents in a stiff mucus coating, 
seem to confirm the use of this stmcture as a crop. The mucous coating has been 
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previously noted and is thought to protect the stomach epithelium during the grinding 
process (Payne 1978, Hom 1989). Moreover, the estimated gut tiansit time was the 
longest of all the species tested (> 5 hours). The additional time is required for 
grinding the EAM in the crop (Hom 1989, Choat 1991) and for digestion via 
gastrointestinal microorganisms (Clements & Choat 1995). 
A well developed pharyngeal mill and lack of a stomach characterised C sordidus; 
indicating it is a Type III herbivore. It also had the shortest gut and fastest gut 
transition times of all the species investigated (3-4 hours). Most of the members of the 
Scaridae family are considered to be Type III herbivores (Gohar & Latif 1961, Lobel 
1981, Hom 1989) and C. sordidus is no exception to this. 
Salarias fasciatus presents a greater challenge to Hom's (1989) system of herbivorous 
classification. They have buccal teeth like C striatus, pharyngeal teeth like S. 
Uneatus, no stomach like C. sordidus, rapid gut transition time like C. sordidus, very 
long gut like C. striatus and a thin-walled expandable foregut similar to that of P. 
wardi. They are grazers like C. sordidus and C. striatus, have a larger gape than any 
of the species investigated, and possess a high proportion of calcium carbonate in the 
foregut contents, similar to the stomach in C. striatus. This species spans the criteria 
from Types I to III. Both Hom (1989) and (Robinson 1994)) proposed that blennies 
could be considered Type I grazers, possessing an acidic, thin-walled expandable 
foregut that acts like the stomach in pomacentrids (although neither author had 
measured the stomach pH of any species of blenny). The lack of an enlarged gall 
bladder (as seen in Type I P. wardi and S. Uneatus) and a high calcium carbonate load 
in the foregut implies that this may be unlikely. This is backed up with pH 
measurements of the foregut, which indicate that it is pH neutral (7.0), excluding this 
possibility. Robinson (1994) also hypothesised that blennies may be modified Type II 
grazers, with an expandable, relatively thicker walled foregut that may function as a 
type of gizzard, but he himself questioned the ability muscular ability of the thin walls 
to effectively grind algal material. Superficially the long sfraight gut, lack of defined 
stomach and the possession of pharyngeal teeth place S. fasciatus in the Type III 
category. It appears though that the pharyngeal apparatus may not perform a role in 
mechanical digestion but rather to assist in the fransport of food from the buccal 
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cavity to the oesophagus (Jones 1968, Robinson 1994)). The stmcture may serve to 
break algae into smaller portions, but is unlikely to cause cell mpturing to tiie same 
extent as a well-developed mill such as that of Scaridae (Clements & Bellwood 1988). 
But as highlighted by many authors, the four alimentary types are not mutually 
exclusive, with some species identified with combinations of two or more types 
(Choat & Clements 1998, Tibbetts 1991, Hom & Ojeda 1999). Evidence from this 
study places S. fasciatus most closely within the Type II and Type III alimentary 
categories. 
All of the species of fish investigated had assimilation efficiencies (AE) between 28 
and 35%) except for S. fasciatus, which had an assimilation efficiency of 48%. These 
rates are comparable with rates from other species of grazers (Hom 1989). The 
stoplight parrot fish Sparisoma viride had mean total assimilation efficiency ranging 
from 20.2% to 70.5% depending on the life phase and subsfrate type (Bruggemaim et 
al. 1994). Sparisoma radians have total assimilation efficiencies ranging from 3% to 
39%> depending on the diet they were fed (Targett & Targett 1990). The rabbit fish 
Siganus fuscescens was reported to have assimilation efficiencies ranging from 15% 
to 51%, again depending on diet (Pillans 1999). The garfish Hyporhamphus regularis, 
which feeds on seagrass during the day and invertebrates at night, had a much lower 
assimilation efficiency of 24.7%» (Klumpp & Nichols 1983). 
Although the five species of fish investigated appear to be utilizing the same resource 
(EAM) this study has shown that morphological adaptations are possibly influential in 
the reduction of direct competition. Based on foregut contents, the grazers S. 
fasciatus, C sordidus and C striatus compete most directly with one another as they 
feed non-selectively on tiie entire EAM - a consequence of their dentition and their 
gut morphologies. While P. wardi and S. Uneatus are browsers that feed selectively on 
portions of the EAM, not the entire matrix - again probably as a consequence of their 
gut morphologies. 
Both P. wardi and S. Uneatus utilise acid digestion to break down food consumed, 
requiring them to be more selective in their diets as ingested calcium carbonate would 
buffer the acidic properties of the gut, rendering acid lysis ineffective. This has been 
observed in another Type I herbivore, Zebrasoma scopas (Polunin et al. 1995). 
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Moreover, the strongly territorial P. wardi manipulates its food source through 
farming behaviour, in which it removes unwanted algae and other matter from their 
territory, and then selectively feeds vdthin this territory and opportunistically on 
passing planktonic prey (Sammarco & Carleton 1981, Zeller 1988, Booth 1998). 
Siganus Uneatus does not exhibit the same territorial behaviour as P. wardi; instead it 
roves in schools within a large home range (Randall et al. 1997). The roving 
behaviour allows it to selectively feed on a broad range of food resources including 
macroalgae, from many different areas (Paul et al. 1990, Pillans 1999). 
The straight gutted S. fasciatus and C sordidus rely on rapidly filling their guts and 
rapidly processing the food through like a conveyer belt. This food-processing pattem 
has been interpreted as an adaptation to an abimdant low-quality food source in which 
nutrient assimilation is limited not by the abundance of the EAM, but by the 
processing efficiency/capabilities of the gut itself (Harmelin-Vivien et al. 1992, 
Polunin et al. 1995). Again the behaviours of these two animals are quite different, S. 
fasciatus is strongly territorial, defending its territory from other conspecifics, without 
apparently actively farming the territory as reported for pomacentrids (Townsend & 
Tibbetts in press), while C. sordidus is a roving schooling fish that is weakly 
territorial with a large home range (Polunin et al. 1995). The lack of mobility and 
access to additional nutrition from different areas for S. fasciatus is compensated by 
the high assimilation efficiency of this species (the highest of all species tested). It 
consumes a large amount of EAM, very quickly and extracts nutrients very efficiently. 
Conversely, the muscular crop of the weakly territorial C. striatus requires more time 
to process and digest the EAM via the grinding process. So while feeding non-
selectively on the EAM, it absorbs more nutrients from it through its reduced gut 
passage rates, giving it one of the highest assimilation efficiencies of all the species 
investigated. Further support of C. striatus' harvesting and assimilation efficiencies is 
thought to be reflected by their widespread distribution and its status as one of the 
most abundant coral reef associated fish (Choat 1991, Polunin et al. 1995). 
In conclusion, all of the five species appear to feed on the same resource but to 
different extents. Direct competition appears to be avoided through a complex 
interaction between feeding sfrategies, gut morphologies, assimilation efficiencies and 
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behaviours. To judge the ecological impact of each species we must also know 
ingestion rates. Alimentary morphology and physiology has direct relevance to the 
ecology of algae and corals, with those herbivores that remove substantial amounts of 
algae from the system supporting the competitive capabilities of corals. 
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Chapter 6: Adaptive feeding or inverse quality consumption: an 
assessment using four species of epilithic algal matrix grazing fish. 
(Accepted with corrections to Marine Ecology Progress Series) 
Introduction 
In coral reef systems the majority of marine herbivores obtain nutrition from the 
relatively complex, indigestible and constantly changing multi-species turf 
assemblage known as the epilithic algal matrix (EAM) (Hom 1989, Choat 1991, 
Wilson & Bellwood 1997, Choat & Clements 1998, Wilson 2000, 2002). Despite tiie 
relative unpredictability of the food source, ingestion rates of many marine herbivores 
appear to follow a predictable pattem, with a peak occurring during mid to late 
aftemoon (Nursall 1981, Polunin & Klumpp 1989, Hom et al. 1990, Choat & 
Clements 1993, Polunin et al. 1995, Letoumeur et al. 1997, Chapter 3). It has been 
postulated that foraging rates are highest around the times of maximum photosynthetic 
activity of the turf algae (Polunin & Klumpp 1989, Choat & Clements 1993, Polunin 
et al. 1995)). Taborsky & Limberger (1980) proposed the "adaptive feeding 
hypothesis (AFH)" for herbivores in which grazing activity is predicted to be 
correlated positively with photosynthetic activity (and simultaneously the nutritional 
quality) of the algal resource (Figure 6.1). 
Responses other than a positive increase in feeding rate include the null hypothesis in 
which there is no correlation between feeding rate and increased nutritional content 
and a negative correlation, in which feeding rate increases with decreased nutritional 
content (Figure 6.1). Negative correlations have been observed in other grazers 
including sheep (Scott & Provenza 1999), temperate herbivorous fish (Caceres et al. 
1994), parrot fish (Targett & Targett 1990), sea urchins (Ebert 1980, Lavitan 1991) 
and African ungulates (Twine 2002), in which increased feeding rates occur when the 
nutritional value of the food source is lower. 
As Choat & Clements (1998) highlighted, tiie Diel Feeding Hypothesis (viz. AFH) 
makes three assumptions: a) that the fish can somehow detect changes in 
photosynthetic activity; b), that the daily fluctuations in photosynthetic activity 
significantly affect the nutiitional quality of the algae and the consumption rates of the 
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fish; and, c) that the nutrients that undergo daily fluctuations have some level of 
nutritional significance to the fish consuming them. To date, no studies have been 
conducted on the sensory organs of herbivorous reef fish, but research has been done 
on the sensory system of the freshwater detritivore Carassius auratus. Gold fish have 
the ability to continuously and rapidly assess the chemical properties of ingested 
substratum through the innervation of branchial surfaces, the palatal organ and a 
feedback loop, which allows them to analyse of the nutritional status of ingested 
material (Finger 1988). A similar rapid detection system would need to be possessed 
by grazing reef fish if they are to respond to the nutritional quality of the algae they 
consume. 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Nutritional value of EAM 
Null hypothesis •Positive Model Negative Model 
Figure 6.1: Theoretical models to explain grazing patterns of coral reef fish. The null 
hypothesis in which there is no correlation between nutritional value and bite 
rate. The positive model in which there is a positive correlation between bite 
rate and increasing nutritional value - as assumed by the Adaptive feeding 
hypothesis (AFH). The negative model in which there is a negative correlation 
between bite rate and increasing nutritional value - as assumed by the Inverse 
quality consumption hypothesis (IQCH). 
Photosynthetic activity of algae is quite complex, with some species of macroalgae 
having highest rates of photosynthesis during the middle of the day (e.g., Haeder et al. 
(1997) while others have their lowest rates during the middle of the day (e.g., Hanelt 
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et al. (1993)). Photoinhibition (the mechanism that protects the photosynthetic 
complex from damaging light levels) complicates this pattem even further. Algae 
samples taken at the same time but at different depths may show different pattems of 
photosynthetic activity, with those plants in very shallow water habitats potentially 
being affected by photoinhibition (Hanelt et al. 1993, Hanelt 1996). In a multispecies 
assemblage such as turf algae, which occurs at a range of depths in coral reef systems, 
the predictability of photosynthetic activity is further complicated. 
Several researchers have tested the assumption that the daily fluctuation in 
photosynthetic activity significantly affects the nutritional quality of the algae and the 
consumption rates of fish. Zoufal & Taborsky (1991) documented a correlation 
between feeding activity and diel energy levels of two populations of blennies feeding 
on two different algae. However, they found no significant relationship between 
energy levels and the by-products of photosynthetic activity (i.e. starch and protein 
levels) throughout the day, therefore their data do not provide conclusive support for 
the AFH. Polunin & Klumpp (1989) also tested the AFH and found that the greatest 
amount of photosynthate in the algae occurred between 1600 h and 2000 h, a period 
by which time most diumal grazers had reduced their feeding rates. Despite the lack 
of conclusive evidence, AFH is often quoted as the explanation for grazing rate 
variability (Hom 1989, Polunin & Klumpp 1989, Choat 1991, Zoufal & Taborsky 
1991, Choat & Clements 1993, Polunin et al. 1995, Letoumeur et al. 1997, Wilson & 
Bellwood 1997). 
Many nutritional studies have been conducted since AFH was first proposed but were 
conducted on a single day (Johnson & Dropkin 1996); over a single season (Zoufal & 
Taborsky 1991); on a single species of fish (single type of gut morphology) 
(Bmggemann et al. 1994, Caceres et al. 1994, Letoumeur et al. 1997); on a limited 
number of nutritional indicators (Targett & Targett 1990, Zoufal & Taborsky 1991) 
and feeding on macroalgae (Zoufal & Taborsky 1991); invertebrates (Gillanders 1995) 
or zooplankton (Johnson & Dropkin 1996). These studies present conflicting results, 
all claiming that a different nutritional component of the food source explains the diel 
feeding pattem. 
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Few studies beyond Polunin & Klumpp (1989) have attempted to directly test the 
AFH for coral reef herbivores, with most papers referring to the AFH as a partial 
explanation for pattems observed during a larger study (Bmggemann et al. 1994, 
Caceres et al. 1994, Gillanders 1995, Johnson & Dropkin 1996, Letoumeur et al. 
1997). Zoufal & Taborsky (1991) tested AFH on two separate populations of 
Parablennius sanguinolentus feeding on two different dietary algal sources (multi-
species assemblage of turf and the macroalgae Uha lactuca). They reported that 
feeding pattems differed between populations and that in each case, ingestion rate 
followed the energy content values of the algae on which each population fed. 
Consequently, if the assumptions of the AFH hold tme then it would follow that 
different species of grazing fish that feed on the same food source (EAM) should feed 
in a similarly predictable pattem through out the day. 
Using four common species of coral reef fish that feed on EAM, the following 
assumptions of the Adaptive (Diel) Feeding Hypothesis were examined: 
• Photosynthetic activity of EAM changes in a detectable pattem through the day; 
• Photopigments and nutrient concentrations in the dietary EAM are positively 
correlated. Plus, if the nutrients levels undergo daily fluctuations, that they have 
some sort of nutritional significance to the fish consuming them; 
• Nutrient concentrations of the dietary EAM and fish feeding activity are positively 
correlated; and; 
• If foraging pattems are based upon the fluctuating nutrient quality of the available 
food, then the grazing activity of four species feeding on the same food source 
should have similar temporal foraging pattems. 
Methods and Materials 
The study took place at Heron Island Reef (23° 27'S, 151°55'E), a platform reef in the 
Capricom Bunker group at the southem end of the Great Barrier Reef, from June 1997 
to July 2000 (Figure 6.2). Bite rate observations were taken randomly on tiie reef flat, 
reef rim and reef slope of Heron Island Reef A minimum of five observations per 
species offish (see below) per hour from 0600 h to 1800 h, for four seasons (Spring -
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Aug to Oct, Summer - Nov to Jan, Winter - May to July and Autumn - Feb to Apr) 
over the three-year period was collected. During bite rate observations, fish were 
allowed to acclimate to the observer's presence for 10 min. Each fish was observed 
for a minimum of 10 min and a maximum of 20 min. The following observations 
were recorded: species, start and finish time, estimate of total length (+/- 5 mm), the 
number of bites taken, and substrate from which the bite was taken. 
Areas of bite rate observations 
Algae collection areas 
Figure 6.2: Location of areas of bite rate observation and algae collection sites on 
Heron Island reef (Note: the two areas overlap). Adapted from Byron (1987). 
The fish species observed in this study were Ward's damselfish Pomacentrus wardi 
Whitley, 1927, the jewelled blenny Salarius fasciatus (Bloch, 1786), the surf parrot 
fish Chlorurus sordidus (Forsskal, 1775) and the lined surgeon fish Ctenochaetus 
striatus (Quoy & Gaimard, 1825). All fish are commonly found on the reef flat, rim 
and slope of Heron Island Reef (Russell 1983) and have been reported to feed on the 
epilithic algae matrix (EAM) (Horn 1989, Polunin et al. 1995, Randall et al. 1997, 
Townsend & Tibbetts in press, Chapter 5). 
Samples of EAM were obtained by scraping large pieces of dead coral rubble or loose 
beach rock located on the inner reef flat with a fixed blade scalpel. It was used to 
mimic the scraping action observed by scarids and siganids. The same piece of rock 
was never sampled twice during the thirteen-hour collection period (earlier scraping 
activity could be easily identified). Five independent (each collected from separate 
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pieces of mbble) 5 ml EAM samples were collected hourly starting at 06:00 to 19:00 
(for a total of 65 samples per thirteen-hour sampling period). The 5 ml tubes 
containing the scraped EAM sample were covered in aluminium foil to prevent the 
light from changing the chlorophyll concentrations and immediately placed on ice in a 
darkened container. To prevent seasonal effects from biasing results, the thirteen-hour 
sampling regime was conducted at least twice per season over the three-year study 
period. 
The entire component of the EAM was kept intact, with the exception of large 
invertebrates such as snails and crabs, which were picked out before processing. 
Detritus has been reported as being of much greater nutiitional importance to the diet 
of many reef herbivores than previously expected, in particular, to members of 
Pomacentridae and Blennidae (Wilson & Bellwood 1997; Wilson 2000 , Wilson 
2002). It is for this reason that this study tieated detritus as a potentially important 
component of the EAM, including it in all analyses. 
In the laboratory, each EAM sample was divided into six parts to test for the 
following components: chlorophyll (a, b, c), phaeopigments, calcium carbonate, 
organic carbon, energy content, % nitrogen and C:N ratios. Immediately after 
collection, 1 to 1.5 g blotted wet mass of the original sample was removed and 
photopigment extraction was completed (see below). The rest of the sample was 
weighed dried and stored as in Chapter 5. This dried material was used to test for 
calcium carbonate, organic carbon, % nitrogen, C:N ratios (as in Chapter 5) and 
energy content (see below). 
Chlorophyll (a. b. c) and phaeopigment extraction. 
From 1 to 1.5 g of blotted wet EAM was ground with a mechanical homogeniser for at 
least 5 min with 10 ml of cold acetone in a darkened room. The mixture topped up to 
10 ml and transferred to 15 ml Falcon tubes wrapped in aluminium foil. Tubes were 
placed in fridge at less than 4°C for 12 to 24 hours to ensure maximum recovery of 
chlorophyll. Samples were centrifuged in a Beckman bench top centrifuge and spun 
for 15 min at 4000 rpm. Supemate was then pipetted into a quartz spectrophotometer 
cuvette with a path length of 10 mm and read at various wavelengths (750A, 665A 
645A and 630A). A single drop of HCl was added to samples and readings taken 
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again at 750A and 665A. Equations from Strickland & Parsons (1972) were used to 
calculate the concentrations of chlorophyll a, b, c, total and phaeopigments. The 
optical density at 750 A was subtracted from the optical densities at 665A, 645A and 
630A to eliminate turbidity errors. These adjusted terms were then used in the 
following equations: 
Ca= 11.6E665- 1.31E645-0.14E630 (6.1) 
Cb = 20.7 E645 - 4.34E665 - 4.42E630 (6.2) 
Cc = 55E630 - 4.64E665 - 16.3E645 (6.3) 
Ctotai = 2.62E665 - 50.44E630 + 3.09E645 (6.4) 
Ptotal = 45.39E665HC1 - 26.7E665 (6.5) 
Mass of pigments in samples were calculated by equation from Sestak (1971). 
Ws = C*v/1000mg (6.6) 
Where: Ws = mass of chlorophyll in sample, C = concentration of chlorophyll (a, b, c, 
total or phaeopigments) and v = volume of acetone used (in this case 10 ml). The 
mass of chlorophyll per unit fresh mass was calculated from the equation from Sestak 
(1971). 
Wf=Ws/FWs*lmg/g (6.7) 
Where: Ws = mass of chlorophyll in sample, FWs = fresh mass of sample (blotted wet 
mass) and 1 = cuvette path length in cm (in this case 1 cm). 
Energy content. 
Energy content was measured using a fiiUy automated bomb calorimeter (IKA 
Labortechnik c5003 Control, IKA Analysentechnik plus water bath). Due to the low 
calorific content of the algal samples, sucrose was used as an igniter. A 1:1 mix of 
dried algae and sucrose was weighed and placed into firing cmcibles. Samples 
weighed from 0.2 to 1.6 g of dried algae and were mixed with an equivalent amount 
of sucrose (+/- 0.001 g). The energy value of the total algae sample including CaCOs 
was calculated using the following formula: 
E n e r g y v a l u e (J .g" ' ) = ((Etotal * Mtotal) - (Esucrose * Msucrose)) / Malgae (6 .8 ) 
no 
Where: Etotai = total energy content (J.g''), Mtotai = total sample mass (algae + sucrose), 
Esucrose = energy content of sucrose (16425.57 +/- 31.7 J.g"), Msucrose = mass of 
sucrose (g) and Maigae"" mass of algae (g). The energy value of the total EAM sample 
excluding CaCOs was calculated using the following formula: 
E n e r g y v a l u e ( J .g ' ' ) = ((Etotai * Mtotai) - (Esucrose * Msucrose)) / Malgae * % O r g C 
(6 .9) 
Where: Etotai = total energy content (J.g"'), Mtotai = total sample mass (algae + sucrose), 
Esucrose = energy content of sucrose (16425.57 +/- 31.7 J.g" ), Msucrose = mass of 
sucrose (g), Maigae "^  mass of algae (g) and %> organic carbon = the %» organic carbon 
calculated for that sample. 
Percent Nifrogen and C:N ratios. 
Due to financial restrictions, analyses could only be performed on Autumn and Spring 
EAM samples for the time periods 06:00, 08:00, 10:00, 12:00, 14:00, 16:00 and 
18:00. Analysis was performed with a LECO Carbon Nitrogen Sulphur (CNS) 2000 
analyser. Prior to weighing the EAM sample into ceramic boats the samples were 
redried in an oven for a minimum of 4 hours at 60°C. Dried sample ranged in size 
from 10 mg to 2 g. Sensitivity range (amount per gram) of the LECO CNS 2000 
detector was as follows: Carbon = 20 |xg to 200 mg. Nitrogen = 10 (xg to 100 mg, and 
Sulfiir = 20^gtol00mg. 
Statistics. 
All data were analysed using the statistical package JMPIN version 4 (SAS Institute 
Inc.). Prior to mnning ANOVAs, homogeneity was tested using a Shapiro-Wilk W 
statistic. Normality of variances was tested using tiie Bartlett's test. Data showing 
homogeneity but non-normality of variances were tested using the Welch ANOVA. 
Non-normal data were In (n+1) (for whole numbers) or arcsin transformed (for 
percentages). Consistently heteroscedastic data were analysed using non-parametric 
procedures Wilcoxon/Kmskal - Wallis Test (Rank sums) (Sokal & Rohlf 1995). 
When exploring data for relationships between photosynthetic product vs nutrient 
levels and bite rate vs nutrient levels, means were calculated for each time period 
within each season. Each mean was based upon a minimum of four replicates per time 
111 
period (in the case of the nifrogen and C:N analysis). Correlation analyses were then 
performed, scatter plot matrixes were plotted, principal components analysis 
performed, eigenvectors were generated and plotted on a spinning Gabriel biplot to 
investigate data. Outliers were initially detected using the Mahalanobis Outlier 
analysis and then again with the Mahalanobis Jackknife Distance analysis to further 
clarify outliers (Sail & Lehman 1996). 
Regression analysis was performed on factors that were highlighted by the correlation 
analysis (r^  values of 0.55 and greater were considered to be relatively stiong). Mean 
values per hour time period per season were calculated and plotted against one 
another. A minimum of four replicates per hour time period per season (in the case of 
the nitrogen and C:N ratios). A smoothing spline fit (lambda=100) was initially 
plotted to visualize the shape of the line. Regression lines or curves were plotted and 
summary of fit and parameter estimates recorded. Analysis of variance was then 
performed to test if data explained by regression formula were significantly different 
from the mean. Residuals were then plotted and explored for homogeneity using the 
Shapiro-Wilk W statistic (Sail & Lehman 1996). 
Number of replicates for each species, time, season and nutrient analyses are listed in 
Appendix 3. 
Results 
Photopigments. 
Statistical analysis indicated that the mean photopigment concentrations were 
significantly different between seasons and time of day (Table 6.1). As each season's 
photopigment concenfrations were significantly different from one another, all the 
seasons were freated separately in correlation and regression analyses. The greatest 
chlorophyll concenfrations occurred during summer, while the greatest phaeopigment 
concenfrations occurred during autumn. The factor Time was not significant for 
chlorophyll b and phaeopigments when all seasons were pooled, but was significant 
for Season and the interaction factor Season*Time (Table 6.1). While all other 
pigments showed a significant difference in pigment levels for season, time and the 
interaction factor Season*Time (Table 6.1). 
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Table 6.1: Non-parametric multivariate statistics results for four photopigments across 
four seasons and tiiirteen time periods. *** = highly significant, * = 
significant, ns = not significant. 
Photopigment 
Chlorophyll a 
Chlorophyll b 
Chlorophyll c 
Phaeopigments 
Source 
Season 
Time 
Season*Time 
Season 
Time 
Season*Time 
Season 
Time 
Season*Time 
Season 
Time 
Season*Time 
Nparm 
3 
12 
36 
3 
12 
36 
3 
12 
36 
3 
12 
36 
DF 
1 
5 
29 
1 
5 
29 
1 
5 
29 
1 
5 
29 
Sum of 
Squares 
0.0465 
0.0036 
0.027 
0.1088 
0.0059 
0.0497 
0.0002 
0.0008 
0.0029 
0.1118 
0.0018 
0.0191 
F Ratio 
159.76 
2.47 
3.2 
147.52 
1.59 
2.33 
15.58 
11.09 
6.62 
458.21 
1.47 
2.7 
Prob>F 
<0.0001 
0.0341 
<0.0001 
<0.0001 
0.1653 
0.0005 
0.0001 
<0.0001 
<0.0001 
<0.0001 
0.2013 
<0.0001 
Significance 
*** 
* 
*** 
*** 
ns 
** 
*** 
*** 
*** 
*** 
ns 
*** 
When each photopigment over each season was analysed over the 12-hour study 
period, the photosynthetic activity of the EAM was found to vary significantly during 
some seasons, but not during others (Table 6.2). For example, total chlorophyll levels 
for winter and autumn varied significantly throughout the day, while spring and 
summer did not (Figure 6.3). During summer, only chlorophyll c varied significantly 
over the 12 hour period. Autumn was the only season in which all of the 
photopigments varied significantly throughout the diel period. As most of the 
photopigments for each season fluctuated significantly over the diel period, times 
were treated separately in correlation and regression analyses. 
Bite rates. 
Mean bite rates for each species were combined over all seasons reveal a significant 
difference in the mean bite rate between species (Wilcoxon/Kmskal Wallis rank sums 
test x^  583.06, df 3, Prob> j ^ <0.0001). Least significant difference (LSD) test 
indicated that C. striatus had a significantly higher bite rate than all the other three 
species (16.66 bites.min"' +/- 0.89); C. sordius was significantly lower than C striatus 
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(14.13 bites.min"' +/- 0.40). The bite rate oi S. fasciatus was significantly lower than 
C. striatus and C sordius and significantly higher than P. wardi (S. fasciatus 4.78 
-1 bites.min'' (+/- 0.17) and P. wardi 3.09 bites.min"' (+/- 0.14)) 
Table 6.2: Results from non-parametric analysis of mean photopigments over the diel 
period over four seasons. 
Season Chlorophyll a Chlorophyll b Chlorophyll c 
Spring 
Chlorophyll 
Total Phaeopigment 
X^3.04,DF12, x^33.12,DF12, x^31.91,DF 12, x^31.37, DF 12, x^45.35, DF 12, 
Autimin Prob>5C^  0.0010 Prob> x^  0.0009 Prob>x^ 0.0014 Prob>x^ 0.0017 Prob>x^<0.0001 
ns 
X^  28.26, DF 12, j^ 26.23, DF 12, 
Prob> ^ 0.0051 Prob> j^ 0.0099 ns 
X'21.06,DF12, 
Prob> x^  0.0494 
Summer ns m 
X^16.67,DF6, 
Prob>x^ 0.0106 ns ns 
X^  32.85, DF 11, x^  25.21, DF 11, 
Winter Prob> x^  0.0006 Prob> x^  0.0085 ns 
X^32.94, DF 11, x^20.95,DFll, 
Prob> x^  0.0005 Prob> x^  0.0339 
Wilcoxon/Kruskal Wallis rank sums test on mean bite rate for each species analysed 
separately indicated that there was a significant difference between seasons for each 
species (Figure 6.4). As bite rates for each species were significantly different 
between seasons, all seasons were treated separately in correlation and regression 
analyses. 
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Mean bite rate per species for all seasons combined fluctuated significantly through the 
day. All of the four species had a similar feeding rate pattem, which mcreased through the 
day. Generally, late aftemoon had a higher feeding rate than midday, which in tum has a 
greater feeding rate than early moming. Chlorurus sordidus proved an exception, in which 
the pattem was more varied with peaks at 1100 h, 1300 h, and 1500 h (Figure 6.5). As the 
bite rates for each species fluctuated significantly over the diel period, all times were 
treated separately for the correlation and regression analysis. 
Photopigment concentrations vs nutrients. 
Correlation analysis indicated a weak relationship between the photopigments and 
nutrient correlations (Figure 6.6). There was a positive linear relationship between 
chlorophyll a and botii % organic carbon (0.6076) and % total carbon (%C)(0.5682). 
There was a negative linear relationship between phaeopigments and % organic carbon (-
0.6082) and %C (-0.6389). Otherwise no other significant relationship between 
photopigments and nutrient levels were detected (Figure 6.6). Correlations between 
nutrients that occurred include: %C vs %N (0.7688), %C vs calories (0.8249), %C vs % 
organic carbon (0.9524), %N vs C:N (-0.7649), %N vs calories (0.8979), %N vs %Org C 
(0.7004) and calories vs %Org C (0.8305) were more strongly correlated with each other 
than with any of the photopigments tested (Figure 6.6). 
Regression analysis for chlorophyll a and phaeopigments vs %> organic carbon and %> C 
indicated weak relationships, with the highest x value occurring for phaeopigments vs % 
C (Table 6.3). 
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Table 6.3: Regression analysis for those pigments and nutrients highlighted by the 
correlation analysis (Figure 6.6). 
% Organic Carbon (AFDW 
method) % Total Carbon (CNS 2000) 
Chlorophyll a r^  = 0.18 
Org C = 0.078+ 1.61 Chi a 
F ratio 9.00 df 43 Prob>F 0.0045 
Residuals Not Significantly 
different from normal 
Shapiro Wilk Prob<W 0.2409 
? = 0.32 
%C = 7.91316 + 45.8743 Chi a 
F ratio 6.6735, df 15 Prob>F 0.0217 
Residuals Not Significantly 
different from normal 
Shapiro Wilk Prob<W 0.0873 
Phaeopigment r^  = 0.10 
Org C = 0.16-1.37 Phaeo 
F ratio 4.54, df 43 Prob>F 0.0391 
Residuals Not Significantly 
different from normal 
Shapiro Wilk Prob<W 0.0510 
r^  = 0.41 
%C = 9.91443 - 59.0918 Phaeo 
F ratio 9.6543 df 15 Prob>F 0.0077 
Residuals Not Significantly 
different from normal 
Shapiro Wilk Prob<W 0.0983 
Bite rates vs photopigments and nutrients. 
Correlation analyses between bite rates, photopigments and nutrients indicated that 
there were few relationships worthy of reporting, with the highest r^  value being 0.60 
(Figure 6.7). In this case it was a negative correlation between the bite rate of P. wardi 
and the % C (-0.6026). P. wardi also showed a negative correlation with % organic 
carbon (-0.5551) and chlorophyll a (-0.5227). All other correlations had ? values less 
than 0.50 (Figure 6.7). All the species showed a weak negative relationship with %C 
and C:N. All species except P. wardi showed a weak positive relationship with 
calories. 
Regression analyses detected only two nutrients concentrations tiiat corresponded with 
bite rates; P. wardi with %C (negative linear, ^ = 0.32); and, P. wardi with % organic 
C (negative linear, ^ = 0.31). Further investigation indicated that bite rates also 
corresponded with photopigments: C. striatus witii chlorophyll a (polynomial 2, r^  = 
0.15), P. wardi with chlorophyll a (negative log linear, r^  = 0.11), and P. wardi with 
phaeopigments (positive linear, ^ = 0.09). The regression lines for bite rate vs 
photopigments explained only 9 to 15% of the data. Chlorophyll a and phaeopigments 
are not actiially nutrients but photosynthetic pigments, which on their own have no 
nutritional value (Table 6.4). 
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Figure 6.6: Scatterplot matrix and correlation values for photopigments vs. nutrients. 
Correlations over 0.55 were considered to be relatively strong ( -^ ). 
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Correlation Analysis 
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1.0000 
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Figure 6.7: Scatterplot matrix and correlation values for the bite rates from the four 
species of fish vs. photopigments and nutrient values. Correlation over 0.55 
were considered relatively strong (^. 
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Table 6.4: Regression analysis for those bite rates vs. nutrients and bite rates vs. 
photopigments as highlighted by the correlation analysis (Figure 6.7). 
Pomacentrus wardi Ctenochaetus striatus 
%C (CNS 
2000 method) 
i^  - 0.32 
Pw= 13.32-0.92 %C 
Fratio 6.6974, DF 15, Prob>F 0.0215 
Residuals Not significantly different 
from normal 
Shapiro Wilk Prob<W 0.0780 
Not significantly different from the 
mean 
% Org C 
(AFDW 
method) 
^^  = 0.31 
Pw = 8.6-0.26%OrgC 
Fratio 6.2363, DF 15, Prob>F 0.0256 
Residuals not significantly different 
from normal 
Shapiro Wilk Prob<W 0.2535 
Not significantly different from the 
mean 
Chlorophyll a r^  = 0.11 
In (Pw) = -0.9104 - 0.6 In (Chi a) 
Fratio 5.1249, DF 42, Prob>F 0.0289 
Residuals significantly different from 
normal 
Shapiro Wilk Prob<W <0.0001 
1^  = 0.15 
Cs = 37.06 - 862.3Chl a + 702.8 Chi 
a' 
Fratio 3.44, DF 42, Prob>F 0.0418 
Residuals significantly different from 
normal 
Shapiro Wilk Prob<W 0.0144 
Phaeopigment r2 = 0.13 
Pw = 3.59+ 54.5 Phaeo 
Fratio 6.2483, DF 42, Prob>F 0.0165 
Residuals significantly different from 
normal 
Shapiro Wilk Prob<W 0.0047 
Not significantly different from the 
mean 
Discussion 
The Adaptive Feeding Hypothesis (AFH) was proposed to explain the predictable 
pattems observed in fish grazing rates (Zoufal & Taborsky 1991, Choat & Clements 
1998). The present study found that feeding rates generally increased from early 
moming to midday with a peak late aftemoon before dropping dramatically just before 
sunset. This pattem has been reported for many other species of marine and fresh 
water grazing fish worldwide (Nursall 1981, Polunin & Klumpp 1989, Klumpp & 
Polunin 1990, Zoufal & Taborsky 1991, Bmggemann et al. 1994, Bellwood 1995b, 
Polunin et al. 1995, Sturmbauer & Dallinger 1995). Interestingly, the pattem is not 
repeated in terresfrial grazers. Blesbok, wildebeest and zebras were all found to 
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decrease feeding activity midday relative to early moming and late aftemoon (Twine 
2002). Physical factors such as light, tide, temperature and currents have been 
investigated and apparently do not directly affect the rate of grazing by fish (Polunin 
& Klumpp 1989); nor does temperature affect grazing activities of terrestrial 
herbivores (Twine 2002). Altematively, intraspecific (including school size, territory 
protection and vigilance requirements) or interspecific interactions (including predator 
avoidance and territory swamping) may influence diel foraging behaviour (Nursall 
1981, Hom et al. 1990, Townsend & Tibbetts in press). 
AFH assumes that increased grazing rates correlates with increase photosynthetic 
activity of EAM. It is also usually assumed that increases in the proxy for nutritional 
value, chlorophyll concentrations, reflect increased photosynthetic activity and that 
maximum photosynthetic activity occurs during the mid aftemoon (Taborsky & 
Limberger 1980, Polunin & Klumpp 1989, Hom et al. 1990, Zoufal & Taborsky 
1991). Indeed, photopigment concentrations varied significantly between seasons, and 
over the day when seasons and time were separated. However, it is important to note 
that this diel pattem was masked when all seasons were grouped. High levels of 
photopigment concentrations occurring during summer and spring would explain this. 
It is therefore important to conduct any fiiture studies on the AFH during a single 
season to prevent this masking effect. 
In this study, all of the pigment concentrations of EAM changed significantly over 
time when each season was tested separately, with a peak of chlorophyll a 
concentration occurring between 1200 h to 1400 h. This pattem was reversed for 
phaeopigment concentrations, with a decrease in pigment levels between 1200 h and 
1400 h. Interestingly, past studies have shown that photosynthetic activity (measured 
as oxygen production and via pulse amplitude modulation fluorometer (PAM)) of 
algae in shallow water can decrease up to 77%) by midday, not fiiUy recovering until 
simset due to photoinhibition (Haneh et al. 1993). Hanelt et al. (1993) warn that 
photoinhibition in marine macrophytes is of greater ecological significance than 
previously tiiought. Investigation of photoinhibition in tiie red algae CoralUna 
elongata indicated that chlorophyll a and photosynthetic yield are unrelated, while a 
decrease in phycoerytherins (a type of phaeopigment) indicates photoinhibition is 
occurring (Haeder et al. 1997). 
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Photoinhibition is a photoprotective mechanism to prevent the absorption of excess 
energy by the photosynthetic apparatus (Hanelt et al. 1993, Haeder et al. 1997). 
Photoinhibition occurs daily in many shallow water algae species living in up to 5 m 
in depth (Haneh et al. 1993, Hanelt 1996, Haeder et al. 1997). The EAM from this 
study was collected from a maximum depth of 3 m. Photoinhibition causes a decrease 
in photosynthetic activity and oxygen production. These decreases are most accurately 
reflected in the decrease in phaeopigment concentrations and are not related to 
chlorophyll concentrations (Haeder et al. 1997). Phycoer54herin levels are negatively 
affected by both increased irradiance levels and the quality of the light (Haeder et al. 
1997). Photoinhibition may explain the decrease in phaeopigment concentrations 
recorded during mid aftemoon (the peak irradiance period) for this study. 
AFH assumes a positive correlation between photopigments and nutrient levels in the 
dietary EAM. Photopigments themselves do not provide nutrition, but are a purported 
proxy for the quantities of photosynthetic products such as carbohydrates and oxygen. 
Of all the nutrients tested, only two of the six showed weak correlations with 
photopigment concentrations. Chlorophyll a had a weak positive linear relationship 
with % organic carbon and % total carbon. Conversely, phaeopigments showed a 
negative linear relationship with the same two nutrients. This inverse diel relationship 
between chlorophyll a and phycoerytherin has been previously reported for the red 
macroalgae, CoralUna elongata (Haeder et al. 1997). 
AFH assumes a positive correlation between nutrient levels of the dietary EAM and 
feeding activity in the fish. This study found no positive correlations between bite rate 
and EAM nutrient levels (including photopigment concentrations). Of all the species 
tested only P. wardi showed a negative linear relationship between % total carbon and 
% organic carbon. This was unexpected because a negative linear relationship implies 
that, contrary to the AFH, as the carbon values (hence nutritional values) decrease in 
the EAM, P. wardi increases its feeding rate. The three other species studied showed 
no significant correlation between bite rates and nutrient values, but interestingly, all 
did show a weak negative correlation between bite rate, % carbon and C:N ratios and 
a weak positive correlation with calcium carbonate (which decreases nutritional value 
of the food source) (Littler & Littler 1980). 
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Contrary to the predictions of the AFH in which one would expect positive 
relationships between nutrients and bite rates, this study found negative or no 
correlations, providing instead support for tiie altemative hypotheses, negative 
correlation and null hypotheses (Figure 6.1). Based on the data from this study, I 
propose an altemative hypothesis to the AFH, which I have termed the Inverse Quality 
Consumption Hypothesis (IQCH). The IQCH assumes the following: a) that fish can 
somehow detect nutritional quality of food; b) the nutritional quality of the food 
source fluctuates throughout the day; and, c) ingestion rate is inversely related to the 
nutritional quality of the food source. Support for assumptions b and c can be found in 
both this study and that of others (see below), while future study is required to test if 
fish can detect the nutritional quality of their food source. 
This study indicates that grazing fish, instead of increasing their bite rates to "take 
advantage" of increased nutrient availability of the algae during the mid day, may 
instead increase their feeding rate to compensate for the decreased nutritional value 
caused by the photoinhibition of the EAM during peak irradiance periods. The IQCH 
model would explain the observed grazing pattems, the decrease in phaeopigments 
during predicted peak irradiance times, the negative relationship between chlorophyll 
a and phaeopigments, the relationship between photopigments and carbon levels and 
the negative relationship between feeding rates and carbon levels. This study provides 
little evidence in support of the AFH model but instead provides indications that the 
IQCH should be fiirther examined (Figure 6.1). Further investigation is required to 
fiilly test this hypothesis. 
A pattem similar to the IQCH has been recorded for other terrestrial and marine 
grazers. Agricultural experiments have shown that lambs given low quality food will 
eat more than those fed on a high quality food source (Scott & Provenza 1999). This 
pattem was also observed in the temperate herbivorous fish Aplodactylus punctatus in 
which local differences in diet quality were inversely related to the amount of food 
consumed and the size of the digestive tract (Caceres et al. 1994) and in the mullet 
Mugil cephalus fed two contrasting diets (Odum 1970). Also, the parrot fish 
Sparisoma radians and the half-beak Hyporhampus melanochir were shown to 
increase their evacuation rates to provide the fish with the ability to increase 
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consumption rates to compensate for low energy content of the food source (Klumpp 
& Nichols 1983, Robertson & Klumpp 1983, Targett & Targett 1990). 
Models such as AFH and IQCH may, of course, be over simplistic. Observed feeding 
rate pattems are most likely caused by a complex combination of intra and 
interspecies interactions, physiological constraints, photoinhibition of the food source 
plus palatability and nutritional value of the EAM and its associated components. 
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Chapter 7: General Discussion 
Major findings 
Contrary to concems of early studies on Salariini blermies, and assumptions made by 
Robertson & Polunin (1981) and Scott & Russ (1987), this study has demonstrated 
that the biomass and distribution these of small grazers indicate that they are probably 
of ecological significance within the southem Great Barrier Reef (Chapter 2). At 
Heron Island reef, density and biomass of combtoothed blennies exceed published 
estimates for most groups of conspicuous herbivorous fish in equivalent zones 
(Chapter 2). Further evidence that blennies should be included in general studies of 
grazing fish was supported by the direct comparison of the common blenny S. 
fasciatus to the common pomacentrid P. wardi. Although biomass and mean wet mass 
were not significantly different between the two species, the total bites per day, mass 
of epilithic algal matrix (EAM) per bite and total organic carbon consumed by S. 
fasciatus significantly exceeded those of P. wardi (Chapter 3). 
Further support from Heron Island reef that blermies should be included in grazing 
studies was provided by the direct biomass comparison of five species of common 
grazing fish (Chapter 4). Of the five species investigated, the two smallest, P. wardi 
and S. fasciatus, dominated the reef flat in terms of abundance. Despite the larger 
body size of C sordidus and S. Uneatus, they were not significantly different in 
biomass from the smaller P. wardi and S. fasciatus. The large bodied C. striatus on 
the other hand, had a significantly lower biomass than either P. wardi or 5". fasciatus. 
As stated in the introduction, the majority of herbivorous coral reef fish feed on the 
same resource, EAM. Morphological adaptations of five species of EAM-consuming 
fish were investigated to determine whether morphological differentiation could 
reduce direct competition. The five species investigated covered a broad range of 
morphologies and feeding strategies (Chapter 5). Despite feeding on the same 
resource, the five species may reduce direct competition through a complex 
interaction of gut morphologies, feeding strategies, assimilation efficiencies and 
behaviours (Chapter 5). 
Chapter 6 investigated the validity of assumptions inherent in the Adaptive Feeding 
Hypothesis (AFH) (Taborsky & Limberger 1980). The feeding rate of four of the five 
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species investigated in Chapter 5 were compared. Two of the four assumptions tested 
of the AFH were supported. Firstly, the grazing activity of the four fishes followed a 
similar temporal pattem and secondly, photosynthetic activity of EAM changed in a 
predictable pattem through the day, although this pattem varied with season. However 
there was no support for the other two assumptions; a positive correlation between 
photosynthetic indicators (concentration of photosynthetic pigments) and nutrient 
concentrations in the EAM and a positive correlation between bite rate and nutrient 
concentrations. Since important predictions inherent in AFH were not met, this 
chapter tentatively provided support for an altemative model, the inverse quality 
consumption hypothesis (IQCH) in which grazers increase their feeding rate to 
compensate for decreased nutrient concentrations of the food source. 
Integration and synthesis 
Having reviewed the major findings, it is important to integrate this information to 
extend our understanding of the relative contribution the five species make to the 
consumption of EAM in the southem GBR. Identification of species that are 
particularly influential in shaping ecosystems is important for the conservation 
management of coral reefs (Birkeland 1996). One method of doing this is by 
estimating the grazing contribution that each of the species investigated makes to the 
reef system, with the aim of identifying key contributors to EAM and organic carbon 
consumption (Hatcher 1981, Polunin & Klumpp 1992). Influential families can also 
be identified in this maimer. Using calculations adapted from (Klumpp & Polunin 
1990)) and Polunin et al. (1995), the daily mass of EAM and organic carbon 
consumed species" m" day" on Heron Island's southem reef flat were calculated 
(Table 7.1). The figures are based upon means from all seasons combined and 
standard errors for calculated figures (Rows I to P, Table 7.1) were estimated using 
propagation of error (Parratt 1966, A. Wiegand pers. com.). 
Based upon the calculations in Table 7.1, for the four species investigated, the two key 
confributors to EAM and organic carbon consumption on Heron Island's southem reef 
flat are C sordidus and S. fasciatus. These two species have very different life styles, 
with S. fasciatus being a small, benthic, solitary, territorial grazer, and C. sordidus 
being a large, demersal, schooling, roving grazer (Appendix 5). Despite these 
differences, they share a similar gut morphology; sfraight guts that rely on rapid gut 
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filling and food processing (Harmelin-Vivien et al. 1992, Polunin et al. 1995, Chapter 
5). It is this morphological similarity that may explain the similarity in the high EAM 
consumption rates for these two superficially (some may say fundamentally) very 
different species. 
Discrepancies in body size and mass can make direct comparisons between species 
difficult. By comparing the amoimt of dry EAM consumed per g of wet mass of fish, 
animals of differing sizes and masses can be directly compared (Polunin et al. 1995). 
Relative to all the species tested from this study and the five species of herbivores 
tested by Polunin et al. (1995), the bite size per gram of fish was greatest for the 
blenny S. fasciatus (Figure 7.1). This greater bite size is a reflection of the gape to 
head ratio (Choat 1991, Chapter 5) and possibly the animal's increased metabolic rate 
(as indicated by its assimilation efficiency and gut transition times) (Hatcher 1981), 
Appendix 5). Bite size estimates made by Polunin et al. (1995) for C striatus and S. 
sordius were comparable with estimates made for the same two species in the present 
study. 
Mean ingestion rates (mg dry EAM g fish"' day"') for S. fasciatus from this study were 
comparable to estimates by Klumpp & Polunin (1990) for the same species on Davies 
reef (Figure 7.2). The three species of pomacentrids (Stegastes nigricans, 
Pomacentrus flavicauda and P. wardi) from Polunin et al. (1995), Klumpp & Polunin 
(1990) and this study all had comparable ingestion rates ranging from 63 to 83 mg dry 
EAM g fish"' day"'. This is also so for the estimates made for C striatus and C. 
sordidus from both this study and Polunin et al. (1995) (Figure 7.2). The high 
ingestion rates (Figure 7.2), fast food transit times (Table 7.1), estimated percentage 
of organic carbon consumed (Table 7.2) and relatively high densities (Appendix 5) 
indicate that herbivorous blennies such as S. fasciatus would likely play a vital role in 
the removal of EAM on Heron Island's reef flat. 
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Table 7.1: Estimated dried mass of epilithic algal matrix (EAM) and organic carbon 
consumed by four species and families of fish on the south reef flat of Heron Island 
reef per m^ per day. Original data sources and formulas used to calculate dry mass of 
EAM per bite, EAM ingestion rate, dry mass EAM and organic carbon consumption, 
and organic carbon retumed to system listed in "Data source" column. Figures in 
brackets = ± standard error. Calculations based on Klumpp & Polunin (1990), Polunin 
etal. (1995). 
s.fasciatus P. wardi C. sordidus C. striatus Data 
source 
Family 
A. Time at which gut is first full 
B. GCI at time of gut fullness 
(mg/g offish) 
Blenniidae Pomacentridae 
0800 h 
Scaridae Acanthuridae 
0800 h 0800 h 1000 h Chp5 
33,35(4.49) 7.85(1.25) 21.45(2.73) 28.3(3.68) Chp5 
C. Cumulative number bites to first full 
gut (bites fish'') 334 (54) 287 (49) 1868(222) 2435(493) 
Chp6/ 
App4 
D. Total cumulative number of bites 
(bites day'' fish'') 
E. Mean biomass offish (g m"^ ) 
F. Proportion organ carbon of gut 
contents 
3140 
(325) 
2318 
(492) 
10067 11141 Chp6/ 
(907) (1688) App4 
4.66(1.33) 14.73(2.98) 14.7(6.03) 0.62(0.45) cj^p 4 
0.44(0.02) 0.83(0.01) 0.56(0.01) 0.44(0.02) Chp 5 
G. Proportion total assimilation 
efficiency 0.49 (0.04) 0.28(0.07) 0.29(0.05) 0.36(0.03) Chp 5 
H. Proportion species representative of 
family 
1. Bite size per mean size fish 
(mg dry EAM bite'' g fish'') 
J. Daily ingestion rate per g offish 
(mg dry EAM g fish "' day'') 
K. Food transit time (h) 
L. Daily dry EAM consumption per m^ 
(mg EAM m '^  day'') 
M. Daily organic carbon consumption 
per m^ (mg C m''^  day"') 
N. Organic carbon retumed to system 
(mg C m'^  day') 
0 . Daily EAM consumption per 
FAMILY (mg EAM m '^  day'') 
P. Daily organic carbon consumption per 
FAMILY (mg C m'^  day') 
0.43 (0.01) 
0.10 
(0.03) 
313.53 
(125.35) 
1.28 
(0.68) 
1461.05 
(850.09) 
642.86 
(403.26) 
327.86 
(233.31) 
3397.79 
(2036.56) 
1495.03 
(964.04) 
0.25 (0.03) 
0.03 
(0.009) 
63.40 
(34.38) 
1.49 
(1.04) 
933.91 
(497.17) 
775.14 
(421.99) 
558.10 
(362.75) 
3735.63 
(2138.12) 
3100.57 
(1811.99) 
0.19(0.01) 
0.01 
(0.003) 
115.60 
(38.87) 
2.23 
(1.03) 
1699.29 
(1114.75) 
951.60 
(641.25) 
675.64 
(506.68) 
8943.64 
(5977.52) 
5008.44 
(3436.85) 
0.43 (0.01) 
0.01 
(0.004) 
129.48 
(62.67) 
2.62 
(1.61) 
80.28 
(84.84) 
35.32 
(38.93) 
22.61 
(25.87) 
186.70 
(200.57) 
82.15 
(91.99) 
Chp 4 
B / C 
I x D 
12/ 
(J/B) 
E x J 
L x F 
Mx 
(1-G) 
(1/H)x 
L 
(1/H)x 
M 
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Figure 7.1: Estimated bite size for five herbivorous fishes from Moorea, French 
Polynesia (in blue) (Polunin et al. 1995) to the four species offish from this 
study* (in yellow +/- S.E.) (|ig dry EAM g wet mass offish"'). No estimates of 
variance were provided by Polunin et al. (1995). 
Hatcher (1981) predicted that the small-bodied grazers such as blermies might play an 
important role in EAM consumption due to their potentially higher metabolism rates 
relative to the larger fish such as scarids, siganids and acanthurids. If this was the case, 
then it was predicted that the ingestion rates (mg dry g body mass"') would be higher 
than that of the larger bodied fish (Hatcher 1981). This study provides evidence for 
this prediction, as S. fasciatus had the highest ingestion rates relative to all the species 
tested (Figure 7.2). Therefore, blermies would remove a greater biomass of algae from 
the reef system than an equivalent mass of larger grazing fish. 
Small-bodied grazers such as pomacentrids and blermies have an advantage over the 
large bodied herbivorous fish in that they can remain on the reef flat during low tide 
and continue to feed. Scarids, siganids and acanthurids tend to migrate off of the reef 
flat prior to maximum low tide to prevent being stranded in the remaming shallow 
pools (pers. obs.). Although the time available for substratum to be grazed was not 
included in the calculations in this paper, it has been previously noted that it 
influences the final estimations of EAM and organic C consumption for each of the 
different families (Hatcher 1981). 
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Fish species 
Figure 7.2: Comparison of estimated daily ingestion rate for five herbivorous fishes 
from Moorea, French Polynesia (in blue) (Polunin et al. 1995) and two from 
Davies reef (in pink) (Klumpp & Polunin 1990) to the four species of fish 
from this study* (in yellow - +/- S.E.) (mg EAM g wet mass of fish"' day' ). 
No estimates of variance were provided by Polunin et al. (1995) or Klumpp & 
Polunin (1990). 
The fastest food transit times of the four grazers tested was for S. fasciatus (1.28 h), 
while C striatus had the slowest (2.6 h). The difference between the two species may 
be explained by their differing alimentary canal morphology (Chapter 5). Salarias 
fasciatus has a straight gut without a specialised stomach (Appendix 5). Conversely, 
C. striatus grinds its food in a muscular stomach and fiirther breaks dovm the EAM 
via gastrointestinal microorganisms, from which a greater amount of time in the gut is 
required to obtain nutrients (Hom 1989, Choat 1991, Clements & Choat 1995). 
Estimated food transition time for C striatus were comparable to those made for the 
same species at Moorea (2.6 h vs. 2.1 h) (Polunin et al. 1995). 
Polunin & Klumpp (1992) estimated that annual gross primary productivity of EAM 
on Davies reef flat was 3.02 g C m" day" . This figure is comparable to the estimate 
made for the lagoon on One Tree reef (located in the Capricom Bunker Group and 
neighbouring Heron Island reef) (Hatcher 1981). Assuming a similar primary 
production rate for Heron Island reef flat, the sum of the estimated EAM consumption 
rates for the four families (Table 7.1) equate to approximately 32% of the organic 
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carbon production per day being consumed (Table 7.2). This is comparable to 
estimates made by Polunin & Klumpp (1992) in which 22% - 27% of primary 
production was estimated to have been consumed by the four fish families in an 
equivalent zone on Davies reef Their study identified blennies and pomacentrids as 
the major consumers of primary production in this zone with values ranging from 
6.5%) to 11.2%) for winter and summer respectively, comparable to estimates made for 
these two groups within this study (Table 7.2). This study estimated that scarids 
removed up to 17%) of the primary production on the reef flat, approximately eight 
times more than the estimates made by Polunin & Klumpp (1992). Estimates for 
organic carbon consumption by C sordidus alone on Heron Island reef exceeded 
estimates for the entire family on Davies reef (Table 7.2). Interestingly, the four 
species of grazers investigated in this study consumed 8% of the assumed daily EAM 
production, approximately half of the amount estimated for the entire families on 
Davies reef. 
Table 7.2 Estimated percentage of organic carbon consumed by various grazers on 
Heron Island reef flat relative to studies done on Davies reef flat. Figures 
"5 1 
assume an aimual gross primary production rate of 3.02 g C m" day" based 
upon the figures from Polunin & Klumpp (1992) = P&K 1992. 
Season 
Winter 
Summer 
All 
seasons 
Individual 
species -
All seasons 
Blenniidae 
6.5% 
11.2% 
5.0% 
s.fasciatus 
2.1% 
Pomacentridae 
8.2% 
8.5% 
10.2% 
p. wardi 
2.6% 
Scaridae 
1.5% 
2.4% 
16.6% 
C. sordidus 
3.1% 
Acanthuridae 
0 
0 
0.03% 
C. striatus 
0.01% 
Total 
16.2% 
22.1% 
32% 
8% 
Ref 
P&K 
1992 
P&K 
1992 
This 
study 
This 
study 
The relatively high consumption rates estimated by this study may be a fimction of the 
inappropriate assumption that the daily EAM production rate on Heron Island reef flat 
is equivalent to Davies reef flat. Heron Island may have higher productivity than 
Davies reef Further study is required to investigate this. Moreover, the calculations 
for these figures rely heavily on the abundance and biomass estimates of the fish. As 
stated in Chapter 4, the cryptic nature of the family Blennidae and the relative 
inexperience of the volunteers produced lower estimates than previous studies 
(Tovmsend 1995). Therefore all values derived from calculations based upon 
abundance must be treated as minima. 
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Important considerations for future studies of herbivorous fish 
The present study highlighted several important factors that must be considered when 
measuring and contrasting the impact of grazing fish on coral reefs. Firstly, spatial 
variation affects fish distribution, abundance and biomass estimates. Secondly, 
temporal variation, both seasonal and diumally, affects the consumption rates of 
herbivorous fish. Therefore, when extrapolating from small-scale field studies to 
whole reef systems it is important that these factors are recognised. When exploring 
results from different studies, similar spatial and temporal scales must be compared, 
as seen, for example, by the magnitude of difference between estimated organic 
carbon consumption between Davies reef (Polunin & Klumpp 1989) and One Tree 
Island reef (Hatcher 1981), and the changes in the cumulative bites between seasons 
(Klumpp & McKinnon 1989, Townsend 1995, Chapter 6). 
In summary, blermies are not only abundant in reef systems in the Capricom Bunker 
group, but also important consumers of EAM biomass, equivalent to the often studied 
conspicuous grazers from the families Pomacentridae, Siganidae, Acanthuridae and 
Scaridae. The picture is incomplete if they are excluded from studies of grazing in 
coral reef systems. 
Directions for future study 
In Chapter 2 it was noted that while the total biomass of blennies was not significantly 
different between the various reefs, the species diversity and composition varied 
markedly. It was hypothesised that there may be physical or physiological barriers that 
prevent the adult and larval blermies from distributing widely from their home reefs. If 
this is the case then Salariini blennies may be usefiil experimental animals in which to 
test the "airplane -rivet model" of ecosystem biodiversity, in which it is thought that it 
is not the individual species that are important in maintaining the ecosystem, but the 
total number of animals within their "guild" (Ehrlich & Ehrlich 1981, Birkeland 
1996). This model hypothesises that the ecosystem can buffer a certain number of 
extinctions as long as there are others within the same guild to take the place of the 
missing species (Ehrlich & Ehrlich 1981, Birkeland 1996). This may explain why the 
densities of blennies on the three reefs were almost identical, while the diversity and 
the species composition varied dramatically. Investigations into the latitudinal 
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changes of bleimy distribution and species diversity would also help to test this 
hypothesis. Salariini blennies are distributed world wide, with representatives of the 
tribe found in temperate to tropical regions (Springer 1994). The question should then 
be asked, does their role in the various ecosystems change? There is some indication 
from the literature that the animals maybe replaced by other grazers at lower latitudes 
(Choat 1991, Carpenter 1997). Finally, little is known about age stiiicture, settlement 
and recmitment processes of herbivorous blennies, information which would be 
important to test the "airplane - rivet model". 
Chapter 3 highlighted that further investigation was required into the apparent 
tolerance of P. wardi to the presence of S. fasciatus within its territory. It is 
hypothesised that P. wardi tolerates a single large "resident" iS. fasciatus for two 
reasons: to save energy by not having to chase a larger number of new blenny recmits 
from its territory - as the resident blermy does this job, which in tum would reduce the 
grazing impact on the EAM from smaller blennies with their higher metabolic 
requirements. Experimentation in which the number of blennies within the 
pomacentrids territories is manipulated and the impact that each change makes to the 
behaviour, energy requirements of P. wardi and the composition of the EAM gardens 
of the "host" are required to investigate this hypothesis. 
In Chapter 5 it was concluded that gut morphologies and assimilation efficiencies 
were possibly influential in reducing direct competition between EAM grazers. It was 
further hypothesised that this was probably an overly simplistic model, indicating that 
factors that reduced competition may be a complex interaction between the 
morphology and digestive physiology, together with feeding sfrategies and 
behaviours. Further investigation into the eco-physiology and behaviours of the fish is 
required to understand the mechanisms behind the ability of so many species to share 
the same resource (EAM). 
Finally, Chapter 6 highlighted that little support could be provided for the Adaptive 
Feeding Hypothesis (AFH) to explain peaks in grazing rates throughout the day. 
Instead an altemative hypothesis, the friverse Quality Consumption Hypothesis 
(IQCH) was presented. Like the AFH, the IQCH has several assumptions that require 
further testing. It is assumed that the nutritional quality of the food source fluctuates 
throughout the day and that the fish can some how detect these nutiitional changes 
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and vary their behaviour accordingly. It is also suggested that ingestion rate is 
inversely related to the nutritional quality of the food source, in which consumption 
rate increases with decreased nutritional quality (within practical physiological and 
metabolic constraints). A multidisciplinary approach would be required to fiiUy test 
this hypothesis and the component assumptions. Neurophysiologists would be 
required to map the sensorimotor and oropharyngeal reflexes of grazing coral reef fish 
to fully investigate their ability to detect nutritional changes in their food source, 
similar to the investigation made on goldfish (Finger 1988). Plant physiologists would 
be required to further test the nutritional changes of the EAM throughout the day and 
why they occur. Is it due to the photosynthetic rate of the turf portion of the EAM, 
changes in sediment and detritus being deposited or is it due to the changes in the 
meiofauna concentrations throughout the day? Finally the ingestion rate and the 
nutritional quality of the food could be tested through manipulative experimentation 
in both the lab and in the field. By decreasing the nutritional content of the algae does 
it affect the number of bites an animal takes - particularly if they lack altemative food 
sources? All of these questions must be addressed to fully test the IQCH. 
In conclusion, the species investigated in this study make a substantial contribution to 
the removal of EAM from Heron Island reef flat (up to 32% per day) and as a 
secondary effect, provides space for corals to grow. EAM itself is generally not a 
threat to corals but if left ungrazed it quickly converts to macroalgae (Sammarco & 
Carleton 1981, Scott & Russ 1987, Ojeda & Munoz 1999). Macroalgae not only 
smothers and overshades corals but it is also an inappropriate food source for many of 
the common grazing fish. The lower quality of macroalgae as a food source results 
from several factors including defensive mechanisms found in most tropical marine 
macroalgae (such as calcification, and chemical defences) (Littler & Littler 1980, Paul 
et al. 1990), the inability of the jaws and teeth of many of the common grazers to tear 
the thalli of macroalgae (Jones 1968, Clements & Bellwood 1988, Nelson & Wilkins 
1988, Robinson 1994) and the inadequacies of the digestive systems to break down 
the macro forms of the algae (Gohar & Latif 1961, Lobel 1981, Hom 1989, Choat 
1991). The intense grazing pressure recorded on many coral reefs encourages the 
growth of the most easily digestible algal source, EAM, while at the same time 
suppressing the growth of macroalgae (Hatcher 1983). This benefits not only the 
grazers but as a secondary consequence, also the corals, in which intense grazing 
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provides space and light required for settlement and growth (Sammarco & Carleton 
1981). Conservation and management of grazing organisms, such as those 
investigated in this study, is vital for the continuing health of coral reefs. 
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Appendices 
Appendix 1: Length/mass relationships and regression formulas for the five species 
of fish investigated (P. wardi and S. fasciatus). Scale beside drawing of fish = 
5 cm. 
Pomacentrus wardi 
In Mass By In TL 
3.0 -
2,8 -
2 6 -
2 , 4 -
2.2 -
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Salarius fasciatus 
In Mass By In TL 
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Appendix 1 (cont.): Length/mass relationships and regression formulas for the five 
species of fish investigated (C. sordidus and S. Uneatus). Scale beside drawing 
offish = 5 cm. 
Chlorurus sordidus 
In Mass By In TL 
In mass (g) = 3.12 (In total length (mm)) - 11.39, {? = 0.99, n=92) 
Siganus Uneatus 
In Mass By In TL 
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In mass (g) = 2.69 (In total length (mm)) - 9.25, (r^  = 0.84, n=82) 
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Appendix 1 (cont): Length/mass relationships and regression formulas for the five 
species offish investigated (C. striatus). Scale beside drawing offish = 5 cm. 
Ctenochaetus striatus 
In mass By In TL 
InTL 
In mass (g) = 3.08 (In total length (mm)) - 11.36, (r'^  = 0.98, n=76) 
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Appendix 2: Regression formula used for calcium carbonate correction. Six replicates 
for each of the following percentages of CaCOs to silicon were plotted; 0, 
0.20, 0.40, 0.60, 0.80 and 1. (r^  = 0.954, n=36). 
Ratio of CaSi 
% CaCOs in sample = Ratio of CaCOa: Si 0.86843 + 0.10751 
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Season 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Autumn 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Spring 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Summer 
Winter 
l/Vinter 
l/Vinter 
Winter 
l/Vinter 
l/Vinter 
Winter 
Winter 
Winter 
Winter 
Winter 
Winter 
Winter 
Appendix 3: 
Time 
6:00 
7:00 
8:00 
9:00 
10:00 
11:00 
12:00 
13:00 
14:00 
15:00 
16:00 
17:00 
18:00 
6:00 
7:00 
8:00 
9:00 
10:00 
11:00 
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13:00 
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16:00 
17:00 
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6:00 
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8:00 
9:00 
10:00 
11:00 
12:00 
13:00 
14:00 
15:00 
16:00 
17:00 
18:00 
Reolicates oer season and time period for bite rates and algae analysis 
Number of Replicates for Bite Rates 
C. striatus 
5 
5 
5 
5 
5 
5 
5 
5 
7 
5 
12 
10 
10 
13 
11 
13 
21 
11 
13 
10 
11 
17 
5 
5 
5 
5 
5 
7 
5 
5 
6 
5 
5 
5 
5 
5 
8 
5 
5 
5 
5 
5 
5 
5 
p.wardi S fasciatus 
10 5 
5 5 
5 5 
12 5 
10 9 
5 5 
5 5 
5 5 
5 5 
9 12 
8 6 
10 5 
5 5 
24 21 
27 17 
20 20 
20 20 
20 22 
38 18 
26 20 
20 18 
18 20 
20 26 
18 21 
18 
15 
14 14 
10 19 
7 16 
18 18 
17 17 
13 16 
11 13 
9 18 
8 16 
9 24 
6 18 
17 10 
5 14 
6 
5 6 
5 
5 
5 
7 
5 
4 
5 $ 
9 5 
5 5 
10 5 
C. sordidus 
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5 
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10 
20 
10 
14 
19 
10 
12 
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10 
10 
11 
5 
6 
6 
6 
6 
6 
7 
6 
6 
7 
7 
5 
8 
5 
5 
6 
5 
5 
5 
6 
5 
5 
5 
5 
6 
5 
Number of replicates for Photopigments and Nutrients 
Chlorophyll Phaeopigments Organic C Calories CaC03 
5 5 5 3 
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5 5 5 3 
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5 5 5 3 
5 5 5 3 
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5 5 5 3 
5 5 5 
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5 5 5 
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5 5 5 
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5 5 5 
5 5 5 3 
5 5 5 
5 5 5 3 
3 3 5 3 
5 3 
3 3 5 3 
5 3 
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5 3 
3 3 5 3 
5 3 
3 3 5 3 
5 3 
3 3 5 3 
5 3 
3 3 5 
5 5 5 3 
5 5 5 
5 5 5 3 
5 5 5 
5 5 5 3 
5 5 5 
5 5 5 3 
5 5 5 3 
5 5 5 3 
5 5 5 
5 5 5 3 
5 5 5 
5 3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
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3 
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3 
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3 
3 
3 
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4 
4 
4 
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4 
4 
4 
4 
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4 
4 
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4 
4 
4 
4 
4 
4 
4 
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4 
4 
4 
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Appendix 4: Mean cumulative number of bites taken per fish each hour per day over 
four seasons for C. striatus (total of 11141 (+/- 1688) bites day"'), C sordidus 
(total of 10067 (+/- 907) bites day"'), S fasciatus (total of 3140 (+/- 325) bites 
day"') and P. wardi (total of 2318 (+/- 492) bites day"') on Heron Island reef 
(Standard errors not shown for clarity). 
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S 10000 
(0 8000 
-•— C. striatus 
-•— C. sordidus 
- * - S. fasciatus 
-^^(^ P.wardi 
o o o o o o o o o o o o 
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i J i ^ o d o J O ' ^ c j c O ' i r i J r i c D t ^ 
Time of day 
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Appendix 5: Summary table comparing five species of grazing fish found on Heron 
Island reef flat. Mean figures provided, with standard errors in brackets. 
R.G.L. = relative gut length (gut lengtii/standard lengtii of fish). Superscript 
letters indicate significant differences between species based on a posteriori 
Tukey-Kramer HSD tests. Letters in superscript indicate values tiiat are 
significantly different from one another. 
Abundance (# m"^ ) 
Biomass (g m'^ ) 
Representative % of 
family 
No. individuals 
measured 
Standard length 
(mm) 
Mass (g) 
R.G.L. 
Dentition 
Stomach 
Caeca 
Gall bladder 
Foregut pH 
Time at which gut 
first fiill 
Cumulative # bites 
taken until guts first 
filled 
Gut tum over rate 
(n day'') 
Estimated gut 
transition times (h) 
Observed / 
Recorded parasites 
Other observations 
Mean # bites per 
minute 
RGL trophic 
categories 
%Tot Assim Eff 
Herbivore type 
Alimentary canal 
type 
Ranging behaviour 
Schooling 
behaviour 
Pomacentrus 
wardi 
0.09 (0.02) 
14.73 (2.98) 
25(3) 
109 
61.5(0.7)'' 
11.30(0.35)" 
3.6(0.1)' 
Triangular and 
Buccal only 
Thin walled 
Six small 
Enlarged 
2.5 (0.2) 
0800 h 
287.20 (49) 
8.08 
1.5 
Cestode cysts 
body cavity 
Tape worm in 
intestine 
Fatty tissue 
intestine -
Winter 
3.09(0.14)'' 
Omnivore 
28.4 (7.6)" 
Browser 
Type I 
Strongly 
territorial 
Solitary 
Salarius 
fasciatus 
0.05 (0.01) 
4.66(1.33) 
43(1) 
108 
68.5(1.6)'' 
9.12(0.84)" 
4.9(0.1)" 
Comb like and 
pharyngeal 
None 
None 
Reduced 
7.0 (0.5) 
0800 h 
150.5(26) 
9.4 
1.3 
None observed 
Nothing unusual 
observed 
4.78(0.17)' 
Herbivore 
48.5 (4.3)" 
Grazer 
Type II & III 
Strongly 
territorial 
Solitary 
Chlorurus 
sordidus 
0.02 (0.01) 
14.70 (6.03) 
19(1) 
94 
163.0(4.6)'' 
191.91(14.81)" 
3.2(0.1)" 
Fused and 
pharyngeal 
None 
None 
Reduced 
7.1 (0.2) 
0800 h 
1867.8(222) 
5.39 
2.2 
Tongue biter 
isopod 
(Ceratothoa sp.) 
in mouth 
Nothing unusual 
observed 
14.13(0.40)" 
Omnivore 
29.3 (5.4)" 
Grazer 
Type III 
Weakly 
territorial, large 
home range 
Schooling 
Siganus
 Uneatus 
0.009 (0.01) 
4.17 (2.46) 
36(2) 
83 
251.6(2.5)" 
501.00(13.61)' 
4.2(0.1)" 
Triangular and 
pharyngeal 
Thin walled 
Five very large 
Enlarged 
2.4(0.1) 
0900 h 
? 
? 
? 
Nematodes: 
Gyliauchen sp. 
rectum 
Spirocamallanus 
sp. caecum 
Fatty tissue 
intestine 
Autumn and 
Winter 
n/a 
Omn / Herb 
27.6 (7.0)" 
Browser 
Type I 
Large home 
range 
Schooling 
Ctenochaetus 
striatus 
0.004 (0.003) 
0.62 (0.45) 
43(1) 
80 
137.0(3.8)'= 
135.83(10.04)' 
5.1(0.2)" 
Comb like and 
Buccal only 
Muscular 
Five small 
Reduced 
6.9(0.1) 
1000 h 
2435.3 (493) 
4.58 
2.6 
None observed 
Fatty tissue 
intestine Winter 
and Spring 
16.66(0.89)' 
Herbivore 
35.5 (2.6)" 
Grazer 
Type II 
Weakly 
territorial, home 
range 
Solitary or in 
pairs 
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